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ABSTRACT
Quantifying the Nonlinear, Anisotropic Material
Response of Spinal Ligaments
Daniel J. Robertson
Department of Mechanical Engineering, BYU
Doctor of Philosophy
Spinal ligaments may be a significant source of chronic back pain, yet they are often
disregarded by the clinical community due to a lack of information with regards to their material
response, and innervation characteristics. The purpose of this dissertation was to characterize the
material response of spinal ligaments and to review their innervation characteristics.
Review of relevant literature revealed that all of the major spinal ligaments are
innervated. They cause painful sensations when irritated and provide reflexive control of the
deep spinal musculature. As such, including the neurologic implications of iatrogenic ligament
damage in the evaluation of surgical procedures aimed at relieving back pain will likely result in
more effective long-term solutions.
The material response of spinal ligaments has not previously been fully quantified due to
limitations associated with standard soft tissue testing techniques. The present work presents and
validates a novel testing methodology capable of overcoming these limitations. In particular, the
anisotropic, inhomogeneous material constitutive properties of the human supraspinous ligament
are quantified and methods for determining the response of the other spinal ligaments are
presented. In addition, a method for determining the anisotropic, inhomogeneous pre-strain
distribution of the spinal ligaments is presented. The multi-axial pre-strain distributions of the
human anterior longitudinal ligament, ligamentum flavum and supraspinous ligament were
determined using this methodology. Results from this work clearly demonstrate that spinal
ligaments are not uniaxial structures, and that finite element models which account for pre-strain
and incorporate ligament’s complex material properties may provide increased fidelity to the in
vivo condition.
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1.1

INTRODUCTION

Problem Statement
The records of world history are replete with accounts of human pain and suffering. Yet,

even more remarkable than its omnipresence are the extreme measures often employed to relieve
pain. From ancient records we read of healers attempting to pull pain out of their patients by
sucking on pipes held to a person’s skin, or of using gongs and rattles to frighten the painful
devils out of one’s body. Even more drastic was the practice of drilling holes through an
individual’s skull in an attempt to provide an escape hatch for one’s internal pains. While science
has clearly proven these ancient measures to be ineffective, even modern treatments fail to
provide adequate pain relief for many patients. Thus many individuals are forced to live their
lives in chronic pain.
One of the most common types of chronic pain is that of the low back. While impossible
to calculate directly, modern statistical analysis suggest that over 75% of the 100 billion
individuals that have walked upon the face of this earth suffered at least one episode of low back
pain (LBP) during their lifetime [1-4]. However, even with the advent of modern anesthetics,
prescription drugs and advanced surgical procedures, the age old problem of LBP persists. In
fact, pain physicians report the proper treatment of back pain to be one of their greatest
challenges [5].

1

Researchers and clinicians agree that a comprehensive understanding of the anatomy,
innervation characteristics, and material response of the lumbar spinal structures will greatly aid
in the treatment of LBP. As such, a vast body of work has been generated on the subject. The
intervertebral disc (IVD), spinal musculature, and facet joints have been the focus of the majority
of this work. Due to experimental difficulties the spinal ligaments have received significantly
less attention.
The objective of the current work is to characterize the material response of spinal
ligaments and to review their innervation characteristics. In particular, the anisotropic,
inhomogeneous material properties of the supraspinous ligament (SSL) are characterized and
experimental methodologies that enable the statistical quantification other spinal ligaments are
presented. In addition, the literature for spinal ligament anatomy and innervation is reviewed. It
is anticipated that these results will aid both researchers and clinicians in developing novel
treatment options that will experience increased patient satisfaction scores.

1.2

Summary
Chapter 2 contains relevant background information regarding LBP, lumbar spinal

anatomy, spinal ligament composition and mechanical properties, and ligament constitutive
models.
Chapters 3-6 contain the bulk of the work of the dissertation, and have been submitted for
publication as full length journal manuscripts. Chapter 3 gives a detailed review of spinal
ligament innervation as it pertains to spinal stability and low back pain. Chapter 4 presents the
first reported, quantitative, multi-axial data with regards to spinal ligament pre-strain. Chapter 5
details the creation of an experimental method which has extended the capabilities of standard
mechanical testing techniques for biological soft tissues. Chapter 6 has been accepted for
2

publication in the Journal of The Mechanical Behavior of Biomedical Materials and contains the
first published anisotropic material data for the supraspinous ligament.
Chapter 7 contains additional insights that were not included in chapters 3-6 due to length
constraints in journal publications. Chapter 8 summarizes the dissertation and discusses future
research directions.

3

2

2.1

BACKGROUND

Significance and Prevalence of Low Back Pain
Low back pain (LBP) is a major health concern for persons of all ages and ethnic

backgrounds [1]. Multiple studies have shown that 70-90% of all people experience back pain at
some point in their life [1-4]. In the United States between 43% and 60% of adults reported
experiencing back pain in the last three months [1, 6, 7], and it is the second most common
reason cited for visiting a physician [8]. LBP is also the fifth most common reason for being
admitted to a hospital and third most common cause for undergoing a surgical procedure [4, 8,
9].
LBP is not only a significant health problem but an economic one as well. It is the
leading cause of disability in adults, and has an estimated economic cost of over $100 billion per
year in the United States alone [1]. LBP is the most expensive cause of work-related disability
even though it only accounts for 17% of the total number of worker compensation claims [3, 10].
In the United States, 20% of people suffering from LBP report they cannot work [1], and it is
estimated that 149 million workdays per year are lost, totaling to an annual productivity loss of
$28 billion [11-13].
The etiology of LBP is unclear and not well understood which has led to a lack of
consensus in its proper treatment. LBP is often the result of very complex conditions and
physicians most often attribute LBP to muscles or the intervertebral discs (IVD) [2, 14].
However, little evidence exists which suggest that muscles are responsible for chronic LBP and
4

only 40% of all IVD problems are reported as being painful [15]. In fact many studies have
shown that a substantial number of people have lumbar spine abnormalities, yet experience no
back pain at all [16-22].
Experimental studies suggest that LBP originates from many different spinal structures,
including ligaments. Several studies have shown that spinal ligaments are imbedded with
nociceptors, causing pain when a ligament is overstrained or damaged [23, 24]. Degeneration in
the spinal ligaments due to age or injury can lead to spinal instability and often causes
degradation of other spinal structures, thereby inducing pain in multiple segments of the spine.
Whatever the cause of LBP, it is apparent that this problem is more encompassing than a
simple case of acute pain. Chronic pain has a great impact on a patient’s lifestyle, moods,
personality, and even social and family relationships. It affects not only the patient, but family
and loved ones as well. Victims of chronic pain suffer from depression, fatigue, sleep
disturbance, and an overall decrease in physical activity and health [25]. Indeed, these secondary
symptoms, or the effects of chronic pain, can further complicate the primary problem of chronic
LBP [26, 27].

2.1.1

Market Growth
The rate of spinal fusions and other related spinal surgeries has increased dramatically

over the past several decades. Several authors have documented the increase in spinal fusion
rates, with a 55% increase between 1979 and 1990 [28], 220% increase between 1990 and 2001
[29], and a 250% increase between 1990 and 2003 [30]. A sharp increase in the rate of spinal
fusions is also observed in 1996, and is likely due to the approval granted by the Food and Drug
Administration (FDA) for the use of fusion cages in the U.S.

5

The increase in the rate of clinically treated LBP is thought to be due to a variety of
factors, all of which suggest that the prevalence of LBP will continue to grow in the future. In
fact, the number of lumbar spinal fusion surgeries is projected to grow by 2200% from 2005 to
2030 [31]. Likely explanations for the rise in spinal fusion rates are increased training in spinal
surgery, increased number of elderly people in the population, and the development of new
diagnostic techniques as well as improved spinal implants. The increasing number of obese
persons in the population, which can create a higher incidence of spinal degeneration, has also
been frequently cited as a contributing factor [32].
This increase in spinal procedures has created a multi-billion dollar industry. It is
estimated that in 2010 the U.S. spine industry earned more than $10 billion in revenue [2]. This
rapid increase in spinal procedures is accompanied by an increasing need to evaluate and validate
the safety and effectiveness of new spinal device technologies, as well as a need for a
comprehensive understanding of the origin and causes of LBP.

2.2

Lumbar Spine Anatomy
To understand the causes and implications of LBP, it is important to understand the basic

anatomy and function of the spine. The spine, or vertebral column, serves 3 basic functions: to
protect the spinal cord and nerve roots, to provide structural support and balance, and to enable
flexible motion. The spine consists of 33 vertebral bodies extending from the skull to the pelvis.
The vertebral column can be separated into 5 distinct sections, namely, the cervical or neck
region (7 vertebrae), thoracic or chest region (12 vertebrae), lumbar or lower back region (5
vertebrae), sacrum or pelvic region (5 fused vertebrae), and the coccyx or tailbone (2-4 fused
vertebrae). Each set of 2 vertebrae are separated anteriorly by a cartilaginous joint known as the
IVD and connected posteriorly by two articulating facet joints (also known as zygapophyseal
6

joints). The vertebral bodies are also connected by several ligaments, some of which run the
entire length of the spine. Figure 2-1 displays the separate regions of the vertebral column while
Table 2-1 list each region, its associated abbreviation, and corresponding body location.

Cervical
Region

Thoracic
Region

Lumbar
Region

Figure 2-1 Vertebral Column
(image accessed at http://upload.wikimedia.org/wikipedia/commons/5/54/Gray_111_-_Vertebral_columncoloured.png)
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Table 2-1 Spinal Regions

Spinal Column
Region
Cervical
Thoracic
Lumbar
Sacrum
Coccyx

2.2.1

# of
Vertebrae
7
13
5
5
2-4

Body
Area
Neck
Chest
Low back
Pelvic
Tailbone

Abbreviation
C1-C7
T1 - T12
L1 - L5
S1 - S5
NA

Vertebrae
The majority of back pain tends to originate in the lumbar spine, therefore the lumbar

vertebrae (L1 - L5) will be highlighted. In general, the lumbar vertebrae are more robust in their
construction and experience higher loads and stresses than the vertebrae in other regions of the
spine. Specifically, they are marked by larger bodies and pedicles. Each vertebra consists of
various components, which are highlighted in Figure 2-2 and explained below.

Vertebral Body
Articular Process
Spinal Canal
Articular
Process

Lamina

Spinous
Process
Transverse
Process

Pedicle

Spinous Process

Figure 2-2 Lumbar Vertebrae
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End Plates

•

Vertebral Body – The vertebral body is the largest part of a given vertebra. It has
an ovular shape in the axial plane, and an hourglass shape in the sagittal plane.
The body consists of a hard outer shell of cortical bone with softer cancellous
bone within. The unique shape of the vertebral body serves as a connection site
for the IVD’s.
o Endplates – The endplates are located on the superior and inferior of each
vertebral body. Endplates are complex structures that support and connect
the IVD to the vertebral body and play an important role in the nutrition of
the IVD.

•

Spinal Canal – The spinal canal is an opening in the posterior part of the vertebrae
that protects the spinal cord and provides a space through which it passes.

•

Pedicles – Pedicles are short and thick bony structures consisting of cortical bone.
They connect the posterior aspects of the spine to the vertebral body.

•

Laminae – The Laminae are relatively flat plates of bone that extend from the
pedicles and connect at the midline. They provide connection sites for the spinous
and transverse processes.

•

Processes – Three types of processes are present in the lumbar region, namely,
the spinous, articular, and transverse processes. Each of these projections serves
as a site for ligament, tendon, and muscle attachment.
o Spinous Process – The spinous process is a large posteriorly directed
projection which serves as an insertion site for the supraspinous ligament
(SSL) and acts as a lever to control spinal motion.

9

o Transverse Process – The transverse processes are bilateral projections
which serve as attachment sites for the spinal musculature.
o Articular Process – Each vertebra possesses 2 superior articular processes
and 2 inferior articular processes. The inferior processes are convex and
face laterally, while the superior processes are concave and face medially.
Each articular process connects to the articular process of an adjacent
vertebra and together they form a synovial joint known as the facet joint
(Figure 2-3).
•

Facet Joint – These synovial joints provide stability to the spine and limit spinal
motion, primarily in axial rotation and extension.

Intervertebral
Disc

Articular
Processes

Vertebral
Bodies

Figure 2-3 Facet Joints
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•

Intervertebral Foramen – The pedicles of two adjacent vertebrae form an area
called the intervertebral foramen. This is an area of critical importance when
dealing with LBP as the nerve roots exit the spinal cord through this area.

Intervertebral
Foramen
Vertebral Bodies

Intervertebral Disc

Facet Joint

Figure 2-4 Intervertebral Foramen

2.2.2

Intervertebral Disc
The IVD enables flexible spinal motion, while simultaneously transmitting loads through

the spinal column. There are a total of 23 IVDs in the spine, with the discs in the lumbar region
being notably larger. They separate the vertebrae and occupy 1/4th to 1/3rd of the height of the
spinal column. The IVD consists of an outer collagen rich annulus fibrosis (AF) which surrounds
an inner gel-like nucleus pulposus (NP). During compression and bending the NP acts as a
pressurized fluid exerting an outward force that is contained by the AF, thus loading the AF in
tension [33]. The IVD is avascular, and depends primarily on diffusion from blood vessels in the

11

endplates to supply the nutrients essential for cellular viability and to remove metabolic wastes
[34, 35].

Nucleus Pulposus

Annulus Fibrosis
Figure 2-5 Intervertebral Disc

•

Annulus Fibrosis – The AF consists of several tough concentric layers of
fibrocartilage. The fibers in each lamella run parallel to one another and are
oriented at ± 30° to the transverse plane. The orientation of the fibers alternates in
adjacent lamellae to form a structure like that shown in Figure 2-5.

•

Nucleus Pulposus - The NP is composed of randomly oriented collagen fibers
embedded in a hydrated, gel-like substance [36]. When loaded in compression the
NP acts as an incompressible, pressurized fluid that exerts outward forces on the
AF. It is the ability of the AF to contain these outward forces that enable the IVD
to resist and cushion high compressive forces which the spine experiences on a
daily basis.
12

2.2.3

Spinal Ligaments
Ligaments are tough fibrous bands, or sheets of tissue that connect bone to bone. They

are most effective in resisting tensile loads in the along-fiber direction and buckle readily when
subjected to compression. The primary role of ligaments is to passively guide normal physiologic
motion of the spine while restricting extreme or abnormal motion. Due to their passive response,
ligaments contribute significantly to spinal stability while expending minimal energy and
neuromuscular response. Injured or ruptured ligaments result in abnormal joint kinematics and
spinal stability, thereby inducing damage to surrounding tissues.
The lumbar spine is composed of six ligaments, namely, the posterior longitudinal
ligament (PLL), anterior longitudinal ligament (ALL), ligamentum flavum (LF), interspinous
ligament (ISL), facet joint capsule (FC), and the SSL, as shown in Figure 2-6. The extent to
which each spinal ligament contributes to overall spinal stability remains somewhat ambiguous.
However, a simple description of each ligament is given below along with its hypothesized
contribution to spinal stability.

Figure 2-6 Spinal Ligaments

13

•

PLL – This ligament is located within the spinal canal and extends along the
posterior of the vertebral bodies. It is generally accepted that the ligament
prevents hyper flexion and reinforces the AF to prevent bulging of the IVD [37,
38].

•

ALL – This ligament attaches to the anterior portion of the vertebral bodies and
IVDs. It is generally accepted that this ligament prevents hyper extension and
reinforces the AF to prevent bulging of the IVDs [37, 38].

•

LF – The LF attaches to adjacent laminae and creates a covering over the
posterior opening between the vertebrae, thereby protecting the dura mater (the
outermost layer of the spinal cord). It is thought primarily to resist extreme
flexion of the spine [38].

•

ISL – Historically, the ISL has been thought primarily to resist flexion. This
assumption is based on the ligaments posterior location which causes it to
experience high strains during flexion. However, the ligaments microstructure
does not seem optimized to resist this type of motion.

•

SSL – Like the ISL, the primary purpose of the SSL remains unclear. Historically
it has been thought primarily to resist extreme flexion.

2.2.4

Pain Sensing Elements
The fundamental question of where LBP originates is a difficult one to answer. Many

patients with chronic LBP show no radiculopathy (problem in which one or more nerves are
affected) or anatomical abnormalities that can readily be attributed to their symptoms [2]. While
it is accepted by many that chronic LBP arises from the muscles of the back, little reliable proof
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of this has been produced [39, 40]. It is self-evident, however, that any portion of the lumbar
spine responsible for causing pain must have a nerve supply.
The innervation of the lumbar spine has therefore been a subject of great interest to
clinicians, and researchers of various fields. Researchers in the fields of neuroanatomy, gross
anatomy, biomechanics, and physiology have produced evidence supporting the hypothesis that
multiple spinal tissues are sources of LBP. Not only have the vertebrae and IVD’s been shown to
be innervated and suggested as sources of LBP, but ligaments, connective tissue, and the facet
joints have also been implicated as potential causes [23].

2.3

Ligament Composition
While the structure-function relationship of most engineering materials was identified

decades ago, researchers have found it extremely difficult to establish such relationships for
ligament. This is due not only to the complicated hierarchical structure of ligament but also due
to the effects of tissue inhomogeneity and biological variability.
None the less, it is apparent that the composition and microstructure of ligaments makes
them well suited to the physiological functions they perform. Ligaments are composed of
collagen and elastin which is embedded in an extracellular ‘ground substance matrix’ composed
of water, proteoglycans, glycolipids, and fibroblasts [41]. About two thirds of the ligament’s
weight is water, with 70% - 80% of the remaining weight being made up of collagen [42]. A
more in depth explanation of collagen, elastin and the ground substance matrix is given below.

2.3.1

Collagen
Collagen has been shown to be the principal component in resisting the high tensile

stresses to which ligaments are subject [43]. The arrangement of collagen in ligament is quite
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complex and involves structures at many hierarchical levels, from molecular to macroscopic
[43]. Figure 2-7 illustrates the hierarchical levels of collagen proposed by one investigator for
type I collagen found in the rat tail tendon. The collagen structure starts with modified linear
polypeptide chains forming alpha-helix chains. Three alpha-helix chains then coil together to
form a triple helix molecule known as tropocollagen. Five tropocollagen units wind together in a
left handed configuration to form a fibrous entity termed microfibril, which is approximately 35
angstroms in diameter. The microfibril is initially bound together by hydrophobic interactions,
but develops intermolecular cross-links during maturation, which then break down with ligament
degradation [12, 44]. Microfibrils band together to form subfibrils (100 to 200 angstroms in
diameter), which in turn associate to form fibrils. Fibril diameters range from 300 – 1500
angstroms and are arranged in a parallel fashion to make fibers, or fiber bundles (1-12 μm),
which in turn make up fascicles. Fascicles are groups of fiber bundles surrounded by a
connective tissue sheath, and are the highest level of organization observed in the ligament.
A longitudinal waveform known as the “crimp pattern” or “crimp structure” can be seen
in the collagen fibers (Figure 2-7 and Figure 2-8). While the exact cause of the crimp pattern is
still being debated in the literature, it is apparent that it is due in part to matrix-fiber interactions.
Polarized light microscopy, electron microscopy, x-ray diffraction, and optical coherence
tomography studies have all shown that collagen fibers straighten and the crimp pattern becomes
extinct as load is applied to the ligament [43, 45-57]. It then reappears as the load is released.
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Figure 2-7 Collagen Structure.
Size scale is shown on bottom and the imaging method is displayed along the top with the following abbreviations:
electron microscopy (EM), scanning electron microscopy (SEM), optical microscopy (OM). Modified from Kastelic
J et al. The multicomposite structure of tendon. Connective Tissue Research 1978; 6:11-23 [43].

Figure 2-8 Crimp Pattern as Seen in an H & E Stained Image of the Human Supraspinous Ligament
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The exact waveform exhibited by the crimp pattern has been debated by investigators for
more than 20 years, and a consensus has yet to be reached. Some believe it is helical in nature,
whereas others are convinced the fibers are planar sinusoidal, or planar zigzag. Indeed, it would
appear that the exact waveform is somewhat tissue dependent. However, recent evidence has
suggested that only a helical organization within a crimped fiber is capable of producing both the
nonlinear stress-strain behavior and large Poisson’s ratios observed in mechanical testing of
ligament tissue [58]. It is also clear that crimp period and amplitude changes depending on the
location within the tissue [57].
Both inter level and intra level interactions further complicate the hierarchal structure of
ligament. Intramolecular crosslinks occur between alpha-helix chains of the tropocollagen
molecule, while intermolecular crosslinks occur between the tropocollagen molecules
themselves. Intermolecular crosslinks also form between tropocollagen, and the ground
substance matrix [41]. A strong tendency for crimping registry among neighboring fascicles
suggests interfascicular interactions as well [43].

2.3.2

Ground Substance Matrix
The ground substance matrix is a gel-like substance that surrounds the collagen fibers and

is in part responsible for holding the collagen together. It is composed of water, proteoglycans,
glycolipids and fibroblast, with water being the main constituent. The role of the fibroblast is to
synthesize and secrete collagen molecules, thereby maintaining the collagen scaffold [59].
Proteoglycans attract water and associating with it to form the gel-like ground substance matrix.
The high water content of ligaments, in combination with its unique microstructure, is
responsible for providing ligaments with their unique and characteristic viscoelastic properties.
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2.3.3

Elastin
Like proteoglycans, elastin accounts for less than 1% of the dry weight of the ligament.

Yet it plays a very important role in ligament function. Elastin is composed of a rubber-like
protein and can stretch up to several times its original length (Figure 2-9). It provides the
ligament with extensibility and is responsible in part for resisting tensile stresses as well as the
elastic recoil observed in ligament [43].

Figure 2-9 Elastin
(image courtesy of medinfo.ufl.edu accessed via http://medinfo.ufl.edu/pa/chuck/summer/handouts/connect.htm)

2.3.4

Insertion Sites
The structure of ligament is functionally adapted at its insertion site to bone. This allows

the ligament to distribute and dissipate high forces and stresses by transmitting them through
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fibrocartilage to bone. This junction of soft ligament tissue to hard bone tissue is very complex
and varies greatly, not only from ligament to ligament, but from the insertion site on one end of a
ligament to the other. Generally speaking, the insertion site can be categorized as either an
indirect insertion or a direct insertion. It should be noted that the insertion sites of spinal
ligaments have yet to be characterized.
Direct insertion sites are well defined zones of transition between bone and ligament, and
are the more common of the two types of insertion. A direct insertion site can be split into four
zones, namely, ligament, fibrocartilage, mineralized fibrocartilage, and bone [60]. The size of
each of these zones varies from ligament to ligament; however, the total length of all of these
zones combined is normally less than 1mm. In a direct insertion most of the fibrils connect
directly to the bone and meet the bone at right angles.
Indirect insertions are more complex morphologically and attach to the bone over a
greater area. Indirect insertion sites have distinct superficial and deep fibers. The deep fibers
anchor directly to bone without a fibrocartilage or mineralized fibrocartilage layer as observed in
direct insertion sites. The superficial layers attach to the periosteum and are the predominant type
of attachment.

2.4

Biomechanical Properties of Ligaments
Individuals suffering from ligamentous injuries often experience joint instability, severe

pain, and restricted activity levels. As such many research efforts have been employed in
examining ligament injury and repair mechanisms. These studies have helped to clarify ligament
properties at a general level. Specifically they have shown biochemical, biomechanical, and
histological alterations in ligaments subjected to various loading conditions. However, a great
lack of understanding of normal and abnormal ligament mechanics and constitutive response still
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exist. The mechanical response as well as injury and repair mechanisms of spinal ligaments in
particular are unclear at best.
Testing methods for obtaining ligament material responses are technically challenging,
costly, and prone to error. Ligaments exhibit a nonlinear, viscoelastic, anisotropic material
response. The stress and strain fields within the ligament are inhomogeneous and experimental
variables such as cross sectional area, and contact area are difficult to measure. In addition,
studies in ligament mechanics require large amounts of tissue to obtain statistical significance,
which often results in prohibitively timely and costly test methodologies. Current methods also
experience difficulty in adequately securing and griping ligaments without inducing changes in
their material response. These difficulties are greatly amplified when trying to test spinal
ligaments due to their minute size.

2.4.1

Testing Methods
As the assumed role of ligaments is to transmit tensile forces between bones,

investigation of their biomechanical response most often employs the use of a simple uniaxial
tensile test. Uniaxial tensile test result in a load elongation curve for the specimen, from which a
stress strain curve for the ligament is calculated, and mechanical properties are determined.
However, it must be noted that ligaments are not uniaxial structures, and one dimensional tensile
tests are unable to capture the complex, three dimensional, anisotropic response of ligament
tissue.
Testing isolated ligament tissue is inherently difficult for several reasons. Many
researchers have found that ligament is extremely difficult to grip and often slips out of the
clamps during testing. Many efforts have been made to eliminate this problem by using custom
made frozen hydraulic clamps with specially designed surface finishes. These efforts have had
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limited success, and often result in localized slipping, which introduces stress concentrations and
premature failure. It is important to note that such clamps may actually change the material
response of the ligament by freezing not only the clamped portion of the ligament, but the test
section as well. These specialized clamps are often unable to accommodate short or small
ligaments like those found in the back. Due to the technical difficulties of testing isolated
ligament tissue, bone-ligament-bone (BLB) complexes are often used.
In determining ligament properties, BLB complexes are often employed (Figure 2-10). In
these studies, the ligament to be tested is excised along with the two bones to which it is
attached. Musculature and adipose tissue as well as other ligaments that may be attached
between the same two bones are removed. Each bone is then secured with custom made fixtures
or clamps such that collagen fibers in the ligament are aligned with the applied tensile load. Load
displacement data is recorded, and is then used to compute the stress strain curve for the
ligament. Parameters such as tangent modulus, failure strength, and yield strength can then be
calculated using the stress strain curve.
While the testing of bone ligament bone complexes may at first glance appear to be
superior to testing isolated ligament tissue, it is also plagued by many inaccuracies. BLB
complexes are easier to secure in clamps than isolated ligament tissue, but they still slip
occasionally. A BLB complex is also inherently stiffer than isolated ligament tissue.
Furthermore, the highly variant nature of ligament’s cross sectional geometries complicates the
accurate determination of stress-strain relationships. Thus, most studies using BLB complexes
have limited themselves to reporting force-displacement, rather than stress-strain. Mechanical
tests involving BLB complexes most often result in failure of the ligament at its insertion site. It
is very rare that a midsubstance failure occurs. However, mid substance failures are the most
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common failure mode in vivo. The reason for this has yet to be determined. However, it has been
shown that the type of failure is extremely sensitive to the relative angle of the bones and
ligament [61-64]. It is therefore extremely difficult to accurately test spinal ligaments using BLB
complexes as the relative position and angle of adjacent processes changes continuously during
elongation of a given spinal ligament. It should also be noted that employing a BLB complex in
testing spinal ligaments would only allow for a single spinal ligament to be tested at each level of
the spine, while the testing of native ligament tissue would allow for the testing of every spinal
ligament, at each level of the spine.

CLAMP
BONE
Ligament
BONE
CLAMP

Figure 2-10 Bone Ligament Bone Complex

A number of other methods have been devised to test ligaments. These methods include,
but are not limited, to drying the end of the ligament to be clamped with heat, and sewing sutures
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through the ligament which are then tied to the clamps. Each of these methods has its own
associated difficulties and inaccuracies. Many require that the material properties of the ligament
be changed in some way, or require large amounts of time to properly secure the ligament. In
summary, an efficient, accurate, and repeatable testing method has yet to be devised.

2.4.2

Contribution of Experimental and Biological Factors
A number of experimental factors have been investigated and are known to change the

properties of the ligament substance. These include the number of freeze thaw cycles [65-67],
environmental conditions during testing [68-70], strain rate [71, 72], and specimen orientation
[61-64]. In general, many of these studies have come upon conflicting findings. However, it is
widely accepted that a ligament’s orientation, as well as environmental conditions, and strain rate
alter its mechanical properties. The degree of alteration and relevance of these factors remains
somewhat ambiguous. Much controversy is present in the literature pertaining to the number of
freeze thaw cycles, and the effect it has on the material response of ligament tissue. However, the
bulk of evidence suggest that only after five or six freeze thaw cycles are the mechanical
properties of the ligament significantly altered.
A number of studies have found that not only experimental factors but many biological
factors greatly affect the material response of ligament as well. These factors include, but are not
limited to, the ligaments anatomical location, the maturation and aging of the ligament [73, 74],
exercise [75, 76], and diet [77, 78].

2.4.3

Tissue Properties
As mentioned previously, ligament exhibits a nonlinear, anisotropic, inhomogeneous,

viscoelastic material response. Each of these material properties are elucidated below.
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•

Nonlinearity

The nonlinear load displacement or stress strain curve exhibited by spinal ligaments
allows the spine to move freely within its physiological limits, yet restrains extreme spinal
motions, thereby preventing injury. The nonlinearity observed in ligaments is a direct function of
collagen crimping. Only as the ligament is strained and the collagen fibers straighten does the
crimp structure become extinct and the collagen fibers begin to resist appreciable loads. Complex
interactions between different ligament constituents likely contribute to the nonlinearity of
ligament tissue as well [79]. The load elongation, or stress strain curve for a ligament, can be
separated into four distinct regions as shown in Figure 2-11. In the neutral zone (NZ) the
ligament undergoes relatively large strains while providing little or no resistance to deformation.
It is in this region that the collagen fibers are uncrimping. The second zone is known as the
elastic zone (EZ) and is marked by a sharp increase in stiffness. In the EZ, the crimp pattern has
become extinct and the collagen fibers begin to stretch. In the plastic zone (PZ) the ligament
begins to fail as the collagen fibers undergo permanent damage. The last zone is known as the
failure zone (FZ). In this zone collagen fibers begin to rupture and the ground substance begins
to tear. This zone is marked by somewhat unpredictable behavior in the stress strain curve.

Figure 2-11 A Typical Load Elongation Curve for Ligament
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•

Anisotropy

Ligaments are highly anisotropic. This is due in part to the highly parallel fibered nature
of their microstructure. Repeated studies have shown that the tangent modulus and ultimate
strength of ligaments are significantly higher when tested along the fiber direction as opposed to
transverse to the fiber direction. However, the stress strain curve for ligaments tested transverse
to the fiber direction lack the distinct “toe region” observed in longitudinal tests.
•

Inhomogeneity

Ligaments functionally adapt to local loading conditions. As such, they exhibit different
material properties where they insert to bone and wrap around other tissue structures (e.g.
muscle, bone). These altered material properties affect the stress strain response of the entire
ligament. This has led some researchers to separate ligaments into different fiber bundles, or
ligamentous regions prior to mechanical testing procedures, thus allowing them to quantify
inhomogeneous ligament properties.
•

Viscoelasticity

Ligaments display both time and history dependent properties characteristic of a
viscoelastic material. This behavior is due to complex interactions between the ligament’s
constituents. During mechanical testing of ligament, the load elongation curve follows a different
path during loading than in unloading, thereby forming a hysteresis loop (Figure 2-12).
Ligaments exhibit a decrease in tension when held at a fixed length over time. This is termed
stress relaxation. They also exhibit creep, or increase in length, when subjected to a constant
force over time (Figure 2-12). In addition, ligaments properties are strain rate dependent [80].
For slow rates of elongation, the ligament develops a relatively low resistance to load whereas;
high strain rates produce a stiffer response.
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Hysteresis

Figure 2-12 Stress Relaxation (top left) Creep (top right) and Hysteresis (bottom)

2.5

Material Constitutive Models for Ligaments
Numerous material models have been created in an attempt to adequately quantify

ligamentous material properties. These models have allowed researchers to investigate the
contribution of different constituents to the overall material behavior of the tissue. They have
also elucidated the effects of exercise, injury, healing, and immobilization. In addition, material
models can be used as a framework in representing tissue properties in various finite element
(FE) and computational models. However, the construction of an accurate material model for
ligament has proven difficult due to the material’s nonlinear, anisotropic, viscoelastic response.
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The fact that ligaments undergo relatively large deformations has further complicated the process
of producing an accurate material model.
Material models for ligaments can be classified by their basis of formulation as either
being phenomenological or microstructural. Phenomenological models are created through
observation of experimental results. These models do not attempt to create an explicit
relationship to the microstructure of the tissue and are not derived from first principles. Rather,
they simply attempt to mimic experimental results. Consequently, the material coefficients
determined in these models do not normally have a direct physical interpretation. Microstructural
models, on the other hand, are created based on the explicit representation of microstructural
components in the ligament. The response from each individual microstructural component is
summed to determine the overall response of the tissue. As a result, these models are very useful
in determining the correlation between a ligament’s microstructure and its mechanical properties.
The majority of these models are based on an assumed structural organization of collagen fibers
within the ligament.

2.5.1

Nonlinear Elastic Models
After repeated loadings, ligamentous tissues reach a preconditioned state after which only

a minimal amount of viscoelastic effects are observed. Due to this condition, many investigators
have opted to neglect the time and rate dependent properties of the tissue and focus on modeling
the nonlinear elastic response.
Various nonlinear elastic models have been constructed and employed in modeling the
uniaxial response of ligaments. In general, these models either use numerous elastic elements
that are sequentially recruited to simulate collagen uncrimping [56, 81-83], or directly model the
collagen fiber geometry. Models employing straight elastic segments joined by hinges [46], or
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using kinematic chains composed of short elements connected by pins and torsion springs [84]
have also been used frequently. Other models have utilized sinusoidal waveforms [85], or short
elastic elements which attach to collagen fibers along their entire length, thereby inducing
collagen fibril crimp [86].
The aforementioned uniaxial material models have been successful in accurately
quantifying the one-dimensional response of ligaments. However, they are limited to one
dimension and are not able to predict the three-dimensional, anisotropic behavior of ligaments
subjected to shear, torsion, compression or transverse loading.
Consequently, multiple three-dimensional material models of ligaments have been
developed, which allow the prediction of two and three dimensional ligament behavior. These
models have employed phenomenological exponential stress strain relationships [87], fiber
reinforced composite theory [88], linear elastic composite theory [89], and strain energy theory
[90]. In general, these models require a varying number of material parameters, which in some
cases are very difficult to determine experimentally.
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3.1

INNERVATION OF THE LUMBAR SPINAL LIGAMENTS: EVIDENCE AND
IMPLICATIONS

Abstract
Spinal ligaments may be a significant, but often overlooked source of low back pain. The

authors review published, peer-reviewed evidence for spinal ligament innervation as it relates to
spinal stability and low back pain by performing a PubMed database literature search. Eighteen
studies were identified which investigated the innervation characteristics of the lumbar spinal
ligaments. Results demonstrate that all of the major spinal ligaments are innervated by afferent
neurons, which terminate in type I, II, III, and IVa nerve endings. Strong evidence exists
suggesting that these nerves serve as proprioceptors and nociceptors which induce LBP
symptoms and provide reflexive muscle control of the deep spinal muscles. Many current spinal
surgeries aimed at alleviating low back pain require damaging or completely resecting spinal
ligaments. Thus, while these procedures can provide immediate benefits in terms of pain relief,
they create a sensory deficit in the spinal ligaments that may lead to future episodes of spinal
instability and low back pain. Considering the neurological implications of iatrogenic ligament
damage in the evaluation of surgical procedures may result in more effective long-term solutions
to alleviating low back pain.
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3.2

Introduction
The impact of low back pain (LBP) on society is astounding. Not only is it the leading

cause of disability in adults under the age of 45, but the 2nd most common cause of doctor visits,
the 3rd most common cause for undergoing a surgical procedure, and the 5th most common cause
of being admitted to a hospital [4, 8, 9]. While not a disease, it is strongly correlated with
morbidity and the victims of chronic LBP report that it has a significant detrimental effect on
most, if not all aspects of their lives [91]. These findings have led many clinicians to describe
LBP as a major societal dilemma that has reached epidemic proportions [1]. However, the
majority of the assumed causes of LBP remain unproven and its etiology is unclear at best [92].
As such, treatment options have demonstrated limited success in terms of pain relief, and the
appropriate treatment of LBP continues to be one the greatest challenges facing the pain
physician today [5].
Clinicians and researchers alike, agree that a comprehensive description of lumbar spine
innervation may serve to better explain many of the more puzzling aspects of LBP and aid in its
clinical treatment [93-96]. As such, a vast body of work has been generated on the subject.
However, inconsistencies between the methodologies employed by various research groups has
made it difficult for even the most experienced researchers to arrive at any absolute conclusions
connecting specific episodes of LBP to a particular structure in the lumbar spine. The IVD, facet
joints, and spinal musculature have been the subject of the majority of these studies. The spinal
ligaments have received markedly less attention, despite their known structural role in spinal
stability.
The objective of this work is to summarize the literature for spinal ligament innervation
and to highlight key advances which have furthered our understanding of their role in LBP.
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3.3

Background
Historically, spinal ligaments have been assumed to be purely passive structural members

and a fair amount of research has been conducted to determine their complex material properties
[97-103]. As a result of these studies, most researchers agree that the spinal ligaments serve to
resist extreme and potentially injurious spinal motions and therefore guard against LBP.
However, they appear to only make a very small mechanical contribution, if any, to moderate
spinal motions. This has been documented by many researchers. Specifically, they have shown
that the ligamentous cadaver spine, void of musculature, is in a state of unstable equilibrium.
Others investigating the stress strain behavior of spinal ligaments subjected to normal spinal
motion have concluded that they make only minimal contributions toward mechanical spinal
stability [104-106] near the neutral posture in comparison to the contributions of the IVD and
facet joints. This leads one to logically ask, if the spinal ligaments may serve another purpose.
Payr (1900) may have been the first to formally hypothesize that ligaments serve not only
as structural members, but also as important sensory elements, capable of monitoring and
actively influencing joint kinematics and stability [107]. However, it was Luschka in 1850 who
truly gave birth to the theory of Payr by providing the first description of a nerve (the sinuvertebral nerve) entering the substance of a spinal ligament [108]. From 1860 to 1880, Krause
and Rauber made significant contributions to the growing body of evidence supporting the
neurosensory function of ligaments (eventually hypothesized by Payr), by identifying various
nerves which terminated in the ligament substance [109-111]. In the early 20th century, numerous
researchers confirmed Luschka’s observation and detailed the innervation of various spinal
structures [112-115] including a description of the dorsal rami and sinu-vertebral nerve [114,
116]. However, the majority of these studies focused on the IVD and facet joints. Those studies,
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which included spinal ligaments, noted nerve fibers, but failed to find any specialized nerve
endings. Then, in a landmark study in 1963, Hirsch became the first to identify specialized nerve
endings in all of the major spinal ligaments. In particular, both free nerve endings, and complex
unencapsulated nerve endings (Ruffini type endings and Pacinian corpsules) were found in the
LF, ISL, SSL, PLL, and ALL [93].
Near this same time, Freeman and Wyke undertook a systematic study of the general
field of articular neurology in which the principal morphological characteristics of articular nerve
endings and nerve fibers were described and a classification strategy was presented [117]. This
strategy, or some small variation of it, was adopted by the majority of researchers and is used in
this present review to detail spinal ligament innervation. An overview of the classification
strategy is seen in Table 3-1. Specifically, Freeman and Wyke [117] proposed that articular nerve
endings may be classified morphologically into four main categories (I - IV). Each of these
morphological categories has distinct functional and physiological implications.
Early work in visualizing and classifying nerve endings utilized heavy metal
impregnation and intravital staining techniques. However, these techniques were incapable of
demonstrating structure-function relationships or elucidating the purpose of nerve endings.
While it is true that as stated by Bogduk, [95] “whatever it is in the lumbar spine that causes
pain, it must have a nerve supply”, the linkage between observed neural tissue and the
pathophysiology of back pain was not evident from these studies. The presence of nerves in
spinal ligaments does not explicitly demonstrate that they are a primary source of LBP, nor that
they provide proprioceptive feedback to the CNS, but merely demonstrates that such a neural
pathway may exist.
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Table 3-1 Types of Articular Nerve Endings

Articular Nerve Endings
Type

Morphology

Diameter of parent
nerve fiber (µm)

Function

Previous
designations

I

100 µm x 400 µm ovoid
corpuscles with arborizing
nerve terminals often found in
clusters of 3-6.

5 – 8 myelinated

Mechanoreceptor,
low threshold slowly
adapting

II

Cylindrical or conical
corpuscles 280 µm x 120 µm
with a thick laminated capsule
often linked in clusters of 2-3
corpuscles.

8 – 12 myelinated

Mechanoreceptor,
low threshold rapidly
adapting

III

Fusiform corpuscles with thick
capsule and arborizing nerve
terminal around 600 µm x 100
µm.
Unmyelinated plexuses less
than 1.5 µm.
Unmyelinated free nerve
terminals and endings 0.5 –
1.5 µm.

13 – 17 myelinated

Mechanoreceptor,
high threshold slowly
adapting

Ruffini, GolgiMazzoni, Meissner
corpuscle, Spray
type, Basket, Ball of
thread, Bush like
Pacinian corpuscle,
Vater-Pacinian
corpuscle, GolgiMazoni body,
Meissner corpuscle,
Krause corpuscle,
Club ending,
Bulbous corpsules
Golgi ending, Golgi
Mazzoni corpuscle

2 – 5 myelinated

Pain receptor, nonadapting
Vasomotor efferent

IVa
IVb

< 2 unmyelinated

-

Recent work in visualizing and classifying nerve endings has employed
immunohistochemistry techniques, which provide higher specificity in identifying neural
structures, and allow the description of neural peptides. A detailed description summarizing the
advantages and limitations of these techniques was recently published by Matos, et al. [118].
Various neuropeptides are known to be present in afferent nerve fibers [5, 96, 119, 120].
Substance P, vasoactive intestinal peptide, and calcitonin gene-related peptide in particular, are
thought to be specific sensory transmitters [120, 121] and are known to be involved in
nociceptive transmission [122-124]. By using antibodies which bind specifically to these
peptides, researchers are able to not only visualize nerve endings, but also test for chemicals
known to be used at the synaptic cleft during pain transmission and position sense, thus enabling
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them to distinguish between afferent and efferent nerve fibers that may appear morphologically
similar [5].

3.4

3.4.1

Literature Summary

Search Methodology
A PubMed search was performed for the following keywords; spine, spinal, ligament,

innervation, sensory, nociception, proprioception, lumbar, neurosensory. After narrowing results
according to title and abstract and eliminating those not specifically addressing spinal ligament
innervation, a total of 18 articles were found. These articles described nerve fibers and classified
nerve endings in the human lumbar spinal ligaments (SSL, ISL, LF, ALL, PLL) and iliolumbar
ligament (ILL). A variety of identification techniques were employed by the authors, including
scanning electron microscopy, transmission electron microscopy, intravital staining, heavy metal
impregnation, and immunohistochemistry. All four of the primary types of afferent nerve
endings classified by Freeman and Wyke were found in the spinal ligaments. Free nerve endings
(type IV) in particular were commonly found in the periphery of the ligaments and near their
bony insertion sites. The SSL, ISL, PLL, ALL and ILL are also innervated by type I and type II
nerve endings, that likewise tend to be located near the periphery of the ligaments. It should be
noted that the majority of studies which did not find these types of nerve endings did not stain
the entire ligament, but stained only small sections of each ligament. In addition to the
aforementioned ligament innervation studies, a number of other studies were found which
subjected the spinal ligaments to noxious chemical stimuli in an attempt to produce LBP
symptoms or elicit spinal reflexes. These studies have shed much light on the role of nerve
endings found within the spinal ligaments and are included in the current review.
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3.5

Spinal Ligament Innervation
In the interest of clinicians and LBP researchers results were grouped according to

ligament and are summarized below.

3.5.1

Supraspinous Ligament (see Table 3-2)
The SSL extends from the seventh cervical vertebrae to the sacrum, attaching to the most

dorsal portion of the spinous processes [125]. Its most ventral fibers attach to the ISL, while its
most dorsal fibers blend with the thoracolumbar fascia and serve as attachment points for the
lumbo-dorsal musculature [126-128]. These neighboring soft tissue structures induce multi-axial
loads in the SSL during normal spinal motions [103]. Mechanically, the SSL resists extreme
flexion of the spine.
All of the studies which investigated the innervation of the SSL identified free nerve
endings (Type IV) within the ligament’s substance. These free nerve endings tended to be
preferentially located near the periphery and bony insertion sites of the ligament. Conflicting
results were observed for all other types of nerve endings. Solomonow, et al. [129] recently
demonstrated a clear link between the innervation of the SSL and reflexive activity in the
multifidus muscles of the back by electrically stimulating the SSL of patients undergoing spinal
surgery. Upon stimulation of the ligament, positive EMG signals were recorded in the multifidus
muscles at the same spinal level of the stimulated ligament and one level adjacent. Furthermore,
when mechanically deforming the SSL of 12 feline models, positive EMG signals were recorded
in the multifidus as far as two levels superior and inferior of the deformed ligament. Thus, it
would appear the SSL not only serves to mechanically resist extreme flexion, but also plays an
important role in muscle coordination.
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Table 3-2 Nerve Endings in the Supraspinous Ligament

Nerve Endings in the Supraspinous Ligament of the Lumbar Region
Authors
& Year
Hirsch et
al., 1963
[93]

Technique
Methylene blue staining

Golgi like receptors
Ruffini endings
Pacinian Corpsules
Free Nerve endings
(Type III)
(Type I)
(Type II)
(Type IVa)
Complex unencapsulated Not found
Found both in deep
endings were found to
tissue and in
terminate in intimate
superficial tissue
association with collagen
often associated
fiber bundles. A
with blood vessels
distinction was not made
between Golgi like
structures and Ruffini
endings.
Very few nerve endings were found by either technique.

Jackson
et al.,
1966
[94]
Yahia et
al., 1988
[131]

Silver-nitrate impregnation
and modified [130] Gomori
cholinesterase
Modified gold-chloride
impregnation

Corpuscles coiled around
blood vessels and
oriented parallel to
collagen fiber direction

Corpuscles measured
35-80 µm, arranged
tridimensionally and
located near the
periphery

Corpuscles 20-40µm
wide by 100-300µm
long observed in the
dorsal region lying in
groups of up to five
near capillary blood
vessels

Yahia et
al., 1989
[132]

Light microscopy (GoldChloride), scanning
electron microscopy,
transmission electron
microscopy

Not mentioned

Not mentioned

Yahia et
al., 1991
[133]

Immunohistochemistry

Not found

Not found

Predominately
found in the
superficial layers
and more frequent
in the lower lumbar
region
Not found

Rhalmi
et al.,
1993
[134]
Jiang et
al., 1995
[135]

Immunohistochemistry,
scanning electron
microscopy

Not found

Not found

Not found

Immunohistochemistry

Not mentioned

Invested by fibers
ranging from 1-7µm.
Capsular cells were
not observed.
Terminated close to
collagen fibers and
more dense in the
periphery

Found in association
with blood vessels
and distributed
evenly in the
peripheral and deep
structures

3.5.2

Often less than 1 µm
in diameter
branched out
between collagen
and elastin fibers.
Parent axon
between 1-2 µm.
located near bony
attachment points.
Found preferentially
in the periphery of
the ligament but
also in the deep
layers
Both individual
axons and bundles
of axons were
observed
terminating as free
endings
Found throughout
the ligament aligned
in collagen fiber
direction
Located mostly in
the periphery with
decreased density
toward the midline.

Interspinous Ligament (see Table 3-3)
The ISL spans the interspinous space of each vertebral joint, attaching to the inferior and

superior spinous processes. Additionally, the ISL blends intimately with the surrounding
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ligaments, posteriorly with the SSL and anteriorly with the LF. The ISL has a posterior-cranial
fiber orientation, which possesses a unique sigmoidal curvature near the central portions of the
ligament [136-139]. Thus during spinal flexion, its most dorsal fibers are initially engaged
followed by progressive recruitment of the ventral regions, and finally by the sigmoidal shaped
midsection. Like the SSL it acts to mechanically resist spinal flexion [97, 137, 139-143] and
makes significant contributions to spinal stability [144, 145].
Each study which investigated the innervation of the ISL found free nerve endings (Type
IV) in its substance. Similar to SSL, these nerve endings tended to be preferentially located near
the periphery and bony insertion sites of the ligament. Type I, II, and III nerve endings were also
identified in a number of studies thus leading many to hypothesize the ISL plays an important
role in muscle coordination, pain transmission and position sense [92, 135, 146, 147]. The
studies conducted by Whitty et al. [148] and Kelgren [149] would appear to confirm these
hypothesizes. Upon injection of the ISL with a saline solution, they noted both palpable muscle
spasms and deep aching pains produced within the same somatomeral segment as the injection. It
should be noted that there has been some work indicating that the methods employed by Kelgren
may not provide sufficient isolation of the response of the ISL nerve fibers [150].
A limitation of many of the mechanical studies, as well as some of the innervation studies
of the spine, is that the ISL and SSL have been grouped together. Despite their anatomical
proximity, it is evident that these structures have distinct mechanical roles and therefore
embedded afferent fibers would provide distinct sensory responses to spinal motion.
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Table 3-3 Nerve Endings in the Interspinous Ligament of the Lumbar Region

Nerve Endings in the Interspinous Ligament of the Lumbar Region
Authors & Year

Technique

Hirsch et al.,
1963 [93]

Methylene blue staining

Jackson et al.,
1966 [94]

Silver-nitrate impregnation
and modified [130] Gomori
cholinesterase
Modified gold-chloride
impregnation

Yahia et al.,
1988 [131]

Yahia et al.,
1989 [132]
Yahia et al.,
1991 [133]

Light microscopy (GoldChloride), scanning electron
microscopy, transmission
electron microscopy
Immunohistochemistry

Rhalmi et al.,
1993 [134]

Immunohistochemistry

Yahia et al.,
1993 [151]

Immunohistochemistry,
scanning electron microscopy

3.5.3

Golgi like
Ruffini endings
Pacinian
receptors
(Type I)
Corpsules
(Type III)
(Type II)
Complex unencapsulated endings were
Not Found
found to terminate in intimate association
with collagen fiber bundles. A distinction
was not made between Golgi like
structures and Ruffini endings.
Very few nerve endings were found by either technique.
Corpuscles coiled
around blood
vessels and
oriented parallel
to collagen fiber
direction

Corpuscles measured
35-80 µm, arranged
tridimensionally and
located near the
periphery

Free Nerve endings
(Type IVa)
Found both in deep
tissue and in
superficial tissue
often associated with
blood vessels

Not commonly
found but still
observed
infrequently

Often less than 1 µm
in diameter branched
out between collagen
and elastin fibers.
Parent axon between
1-2 µm. Located near
bony attachment
points.
Not mentioned
Located in the dorsal
Predominately
Found preferentially
region of the
found in the
in the periphery of
ligament
superficial layers
the ligament but also
in the deep layers
Not found
Not found
Not found
Both individual axons
and bundles of axons
were observed
terminating as free
endings
Not found
Not found
Not found
Found throughout
the ligament aligned
in collagen fiber
direction
Neural elements found primarily in superficial sheaths but also present in deeper fibrous
substance of the ligament where they were often located in the areolar tissue lying
between collagen bundles. Nerves were more common in the longitudinal ligaments than
in the ISL.

Ligamentum Flavum (see Table 3-4)
The LF attaches to adjacent lamina and spans the interlaminar space. It is composed of a

deep and a superficial component that are intimately blended with one another. The superficial
component attaches to the posterior portions of adjacent lamina and to the ISL midline. The deep
component attaches to the anterior portion of adjacent laminas and forms part of the dorsal wall
of the spinal canal [152]. Its primary mechanical function is to resist flexion of the spine, provide
a covering for the dorsal region of the spinal canal, and pre-stress the IVD [38, 153].
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While the central portion of the LF appears to be either devoid of nerves entirely or only
slightly innervated, numerous researchers found free nerve endings (Type IV) near the periphery
of the ligament. Type I, and II nerve endings were also found infrequently. Type III nerve
endings were not observed in any of the studies included in the current review. No studies which
directly linked nerve endings in the LF to back pain, muscle coordination, or proprioception were
identified in the peer-reviewed literature. However, the LF is considered to be a major cause of
nerve root compression in some patients [154].

Table 3-4 Nerve Endings in the Ligamentum Flavum

Nerve Endings in the Ligamentum Flavum of the Lumbar Region
Authors & Year

Technique

Hirsch et al.,
1963 [93]

Methylene blue staining

Jackson et al.,
1966 [94]

Silver-nitrate impregnation
and modified [130] Gomori
cholinesterase
Immunohistochemistry

Korkala et al.,
1985 [155]

Golgi like
receptors
(Type III)
Not found

Ruffini endings
(Type I)
Not found

Pacinian Corpsules
(Type II)

Free Nerve endings
(Type IVa)

Not found

Fine free fibers
found in the
outermost layer of
the dorsal surface
Devoid of nerves within the deep tissue however a few nerves were seen in the loose
areolar tissue on the surface.

Yahia et al., 1988
[131]

Modified gold-chloride
impregnation

Yahia et al., 1989
[132]

Light microscopy (GoldChloride) SEM and TEM

Ashton et al.,
1991 [156]
Rhalmi et al.,
1993 [134]

Immunohistochemistry

No substance P nor encephalin immunoreactivity was observed. It should be noted that
only small portions of the ligament were studied and as such this study only confirms that
substance P reactive nerves were not found in the small regions of the ligament studied.
Not mentioned
Corpuscles measured Not commonly
Often less than 1
35-80 µm, arranged
found but still
µm in diameter
tridimensionally and
observed
branched out
located near the
infrequently
between collagen
periphery
and elastin fibers.
Parent axon
between 1-2 µm.
Found only in the
outermost dorsal
surface.
Not mentioned
Located in dorsal
Not mentioned
Not mentioned
region of the
ligament
Not found
Not found
Not found
Not found

Immunohistochemistry

Not found

Bucknill et al.,
2002 [157]

Immunohistochemistry

Not found

Distributed
preferentially
around blood
vessels throughout
the ligament
Protein gene product 9.5 nerve fibers found in 72% of specimens. Fine fibers
immunostained with SNS/PN3 found in 28% of specimens. Fibers positive for NAN/SNS2
found in 3% of specimens [158-161]. Specific nerve endings were not identified.
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Not found

3.5.4

Longitudinal Ligaments (see Table 3-5 and Table 3-6)
The ALL attaches to the anterior portion of the vertebral bodies and IVD while the PLL

attaches to the posterior portion of the vertebral bodies and IVD. The ALL prevents hyper
extension and reinforces the anterior portion of the IVD [37, 38]. The PLL prevents hyper
flexion and reinforces the posterior portion of the IVD [37, 38].
Fewer studies were found which detailed the innervation of the PLL and ALL as
compared to the SSL, ISL and LF. However, it would appear that they are more densely
innervated than the other spinal ligaments [151]. All of the studies presented in the current
review identified both free nerve endings (type IV), and complex unencapsulated nerve endings
(Type I and Type III) throughout the ALL and PLL.
Table 3-5 Nerve Endings in the Anterior Longitudinal Ligament

Nerve Endings in the Anterior Longitudinal Ligament of the Lumbar Region
Authors & Year

Technique

Hirsch et al., 1963
[93]

Methylene blue staining

Jackson et al.,
1966 [94]

Silver-nitrate impregnation
and modified [130] Gomori
cholinesterase
Immunohistochemistry
scanning electron
microscopy

Yahia et al., 1993
[151]

Golgi like receptors
Ruffini endings
Pacinian Corpsules
Free Nerve endings
(Type III)
(Type I)
(Type II)
(Type IVa)
Innervated by complex unencapsulated
Not mentioned
Innervated by fine
endings though the PLL appeared to be
free fibers
more densely innervated. A distinction
was not made between Golgi like
structures and Ruffini endings.
Plexus of nerve fibers found throughout the ligament substance. Free nerve fibers
appeared to run in the collagen fiber direction and no encapsulated receptors were seen
by either technique.
Neural elements found primarily in superficial sheaths but also present in deeper fibrous
substance of the ligament often located in the areolar tissue lying between collagen
bundles. Nerves were more common in the longitudinal ligaments than in the ISL.
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Table 3-6 Nerve Endings in the Posterior Longitudinal Ligament

Nerve Endings in the Posterior Longitudinal Ligament of the Lumbar Region
Authors & Year

Technique

Hirsch et al., 1963
[93]

Methylene blue staining

Jackson et al.,
1966 [94]

Silver-nitrate impregnation
and modified [130] Gomori
cholinesterase
Immunohistochemistry

Korkala et al.,
1985 [155]
Yahia et al., 1993
[151]

3.5.5

Immunohistochemistry,
scanning electron microscopy

Golgi like receptors
Ruffini endings
Pacinian Corpsules
Free Nerve endings
(Type III)
(Type I)
(Type I)
(Type IVa)
Innervated by complex unencapsulated
Not mentioned
Innervated by fine
endings. The higher number of nerve
free fibers
endings was observed in the PLL when
compared to the ALL. A distinction was
not made between Golgi like structures
and Ruffini endings.
Plexus of nerve fibers found throughout the ligament substance. Free nerve fibers
appeared to run in the collagen fiber direction and no encapsulated receptors were
seen by either technique.
Substance P immunofluorescent nerves found in five of seven samples. Nerve fibers,
free nerve endings, and encapsulated endings were observed but a distinction was not
made between Ruffini, Pacinian or Golgi like receptors. Nerves were hypothesized to be
nociceptors.
Neural elements found primarily in superficial sheaths but also present in deeper fibrous
substance of the ligament often located in the areolar tissue lying between collagen
bundles. Nerves were more common in the longitudinal ligaments than in the ISL.

Iliolumbar Ligament
The ILL connects the transverse process of L5 to the iliac tuberosity [162]. It serves to

inhibit excessive sacral flexion, and anterior shear of L5 on the sacrum. It is considered a major
stabilizing component between the pelvis and lumbar spine [163] and has been implicated as
common cause of recurrent low back pain [164].
However, only one study was found which investigated the innervation of the iliolumbar
ligament [165]. Type I, II, III, and IVa nerve endings were identified with type II endings being
the most common. These nerve endings tended to be localized near the ligaments’ attachment to
the iliac tuberosity.

3.6

Discussion
Spinal ligaments are innervated, and as such, they may be a direct source of LBP. The

studies of Solomonow [129] and Whitty [148] have presented strong evidence suggesting that
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nerves within the spinal ligaments serve as proprioceptors and nociceptors which can induce
LBP symptoms and provide reflexive muscle control of the deep spinal muscles. It logically
follows that ligamentous injuries in the spinal column may lead to structural instability, and be a
direct cause of pain and proprioceptive deficiencies. Such deficiencies would be expected to
result in decreased motor control, thereby increasing the risk of re-injury [166].
Additionally, spinal ligament innervation may explain the sometimes puzzling and often
poor, patient outcomes associated with common spine surgeries. Many spinal surgeries aimed at
alleviating LBP (e.g., micro discectomy, inter-laminar spacers, endoscopic interlaminar
discectomy, and posterior interbody fusion) require damaging or completely resecting spinal
ligaments [167-172]. Thus, while these procedures can provide immediate benefits in terms of
pain relief, they may actually initiate a cascade of instability leading to further episodes of LBP
by creating a sensory deficit in the spinal ligaments. Panjabi [92] recently showed that such a
deficit in the spinal ligaments would likely result in following symptoms related spinal stability:
delayed muscle response, inefficient postural control, poor balance, muscle spasm and greater
error in re-positioning the trunk, all of which are highly associated with LBP [26, 173-177].
However, diagnosing ligament specific pain is difficult as many sensory structures (e.g. skin,
muscle, ligament) in the lumbar spine converge on the same nociceptive interneurons in the
lateral border of the dorsal horn of the spinal cord (hyperconvergence) [163, 178, 179], thus
indicating that the CNS may not be able to differentiate the source of low back pain with a high
degree of specificity. Based on the evidence presented thus far, considering the neurological
implications of iatrogenic ligament damage in the evaluation of surgical procedures may result in
more effective long-term solutions to alleviating low back pain.
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The work of previous researchers has been essential to understanding the overarching
role of nerve endings in the spinal ligaments. However, a much larger and more detailed body of
work will be required to fully elucidate the sensory role of spinal ligaments in the future. For
example, the location and type of the nerve elements in the epiligament have yet to be carefully
documented. Additionally, to predict when particular nerve endings will fire, their location in
relation to the spatially varying (i.e. inhomogeneous) morphology and anisotropic material
properties of the ligament must be known. However, such an investigation has yet to be
conducted, and only one study has quantitatively described the location of nerve endings in
relation to the morphology of spinal ligaments [135]. A more complete understanding of the
anisotropic, inhomogeneous material properties and in-situ strain distributions of spinal
ligaments is required to predict which nerve endings will fire during specific spinal motions.
This information is necessary to predict neurosensory deficits following injury, and to develop
treatment options aimed at restoring sensory function to injured spinal ligaments.

Key Points

3.7
•

All of the major lumbar spinal ligaments, including the iliolumbar ligament, are
innervated by Type I, II, III and IVa sensory nerve endings, which tend to be
preferentially located near the periphery of the ligament.

•

Spinal ligaments cause painful sensations when irritated and provide reflexive muscle
control of the deep spinal musculature.

•

Ligament specific pain may be difficult to diagnose as the expected symptoms of spinal
ligament injury are highly correlated with LBP symptoms caused by damage to other
lumbar spinal structures.
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•

Including neurological implications of iatrogenic ligament damage in the evaluation of
surgical procedures may result in more effective long-term solutions to alleviating low
back pain.

•

More studies specifically addressing the relationship between sensory element location
and mechanical action are required to allow a full understanding of the sensory role of
spinal ligaments.
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4

4.1

SPINAL LIGAMENTS EXHIBIT NEGATIVE AND TRANSVERSE PRE-STRAIN

Abstract
The present work represents the first reported bi-axial spinal ligament pre-strain data.

Ligament pre-strain (in-situ strain) is known to significantly alter joint biomechanics. However,
there is currently a lack of comprehensive data with regards to spinal ligament pre-strain. The
current work determined the pre-strain of 71 spinal ligaments (30 ALL, 27 SSL and 14 ISL). The
ISL and the ALL exhibited bi-axial pre-strain distributions, demonstrating they are not uniaxial
structures. The SSL frequently exhibited large amounts of negative pre-strain or laxity
suggesting it makes no mechanical contribution to spinal stability near the neutral posture. Upon
implementing multi-axial pre-strain results into a FE model of the lumbar spine, large differences
in spinal biomechanics were observed. These results demonstrate the necessity of accounting for
ligament pre-strain in biomechanical models. In addition, the authors present a unique
experimental method for obtaining ligament pre-strain that presents a number of advantages
when compared to standard techniques.

4.2

Background
When the spine is in the neutral position, the spinal ligaments are not in a strain free state.

However, virtually all experimental measurements of ligament material properties are referenced
from an ex vivo, strain free, condition. To resolve this disparity and correctly interpret ligament
material constitutive properties, knowledge of the in situ strain state (i.e. pre-strain) of the spinal
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ligaments is required. However, experimental measurement of pre-strain poses a number of
challenges [180] and a very limited amount of data is available describing the normal pre-strain
state of the spinal ligaments. Consequently, spinal ligament constitutive properties derived in
previous studies [97-103, 181] have yet to be fully exploited and FE models used to investigate
back pain and spinal stability suffer intrinsic inaccuracies [44].
Ligament pre-strain affects both joint kinematics and load sharing within the intricate
ligament networks that surround our joints [182, 183]. Furthermore ligament pre-strain is thought
to be responsible for spinal stability in the absence of active muscle contraction and tendon
forces and it has been hypothesized that abnormal amounts of pre-strain may lead to spinal
instability, back pain, and idiopathic spine diseases, such as scoliosis [184]. As such,
characterizing the pre-strain distribution in spinal ligaments represents not only a crucial
stepping stone to furthering our understanding of ligament mechanics, but a necessary element to
improving the clinical treatment of back pain.
As previously stated the body of literature with regards to spinal ligament pre-strain is
relatively small and there is much work left to be done. Previous researchers have shown that the
ALL, PLL and LF are pre-strained in the parallel fiber direction and that pre-stress in the spinal
ligaments not only affects their own stress and strain state but overall spine biomechanics [153,
181, 185-188]. Additionally, differences in IVD pressure have been measured when resecting the
ISL and SSL, suggesting they are pre-strained [185, 186]. However, quantitative studies
describing the amount of pre-strain in the SSL and ISL have not yet been reported.
The methods employed by virtually all previous spinal ligament studies have limited
them to strictly reporting uniaxial pre-strain. In addition, the majority of these studies were
focused on deriving constitutive relationships; therefore the methods employed to measure pre-
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strain were not carefully described. In particular, the position of the spinal posture before
removal of the ligaments was often undefined. Yet, ligaments are not uniaxial structures [103,
180] and spinal posture influences the strain state of the spinal ligaments. While many ligaments
such as the SSL may have only two distinct attachment points and thus predominately be loaded
in a uniaxial fashion, both the ALL and ISL have multiple attachment points (Figure 4-1). As
such it is logical to assume they could exist in a state of bi-axial pre-strain, which would
substantially alter their in situ stress state. Furthermore, one could expect to find nonhomogeous
pre-strain in the ALL, where the pre-strain in the regions covering the bony vertebral bodies may
be significantly different from the pre-strain in the regions where it integrates with the external
fibers of the IVD [189].

Figure 4-1 Attachment Points of the Interspinous Ligament and Anterior Longitudinal Ligament
It is hypothesized that the multiple attachment points of the ALL and ISL induce multi-axial pre-strain distributions.
The ISL (orange) attaches to both the superior and inferior spinous processes (red) as well as to the SSL (blue) and
LF (green). The ALL (purple) covers the anterior portion of the vertebral bodies and outermost fibers of the IVD.
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To address these important questions the present work measured the multi-axial prestrain state of the ALL and ISL and the uniaxial pre-strain state of the SSL. We hypothesized that
both the ALL and ISL would exhibit bi-axial pre-strain distributions and that the amount of prestrain in the ALL would be greater where it attached to IVD as compared to where it attached to
the vertebral bodies. The effects of upper body weight on spinal ligament pre-strain were also
investigated using a compressive follower load [190]. Results were implemented into a highly
validated, nonlinear, FE model of the lumbar spine to determine the effect of spinal ligament prestrain on overall spinal mechanics.

4.3

4.3.1

Methods

Experimental Pre-strain Measurements
Freshly frozen cadaveric spines (T1-S1) were acquired following an Institutional Review

Board approved protocol. All adipose tissue, muscle, and fascia were removed to reveal the
superficial spinal ligaments (ALL, SSL, ISL). The spine was then placed in an upright posture
(sacrum angle = 50° [191, 192]) and manually exercised in flexion-extension, lateral bending,

and axial rotation to establish the neutral posture (neutral position). The neutral position can be
defined as the spinal posture in which the overall internal stresses in the spinal column and
muscular effort to hold the spine erect are minimal [193]. Once in the neutral position the spine
was fused posteriolaterally using steel plates and pedicle screws, immobilizing the spine in that
position. Multiple optical markers were then attached to each of the superficial spinal ligaments
by inserting a minute amount of pigment (Prizm ink, Superior tattoo, Phoenix, AZ) just beneath
the ligament surface using a 32 gauge needle. Two markers were created for the SSL, four for
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the ISL (one near each of its insertions) and 12 for the ALL (four rows of three). Figure 4-2
displays the location of the fusion hardware and the marker patterns employed.

Figure 4-2 Location of fusion hardware and marker patterns employed
After finding the neutral position the spinal posture was fixated posterior laterally using steel plates and pedicle
screws. Optical marker patterns shown above were created by inserting a small amount of pigment just beneath the
surface of each ligament.

After creating optical markers, a small calibration block was placed on the surface of
each ligament and a digital photograph (1080 pixels x 1080 pixels) was captured using a USB
microscope oriented perpendicular to the plane of the ligament. Each ligament was then removed
from the spine and placed on the dissection table. The ligament was allowed to reach a stress free
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configuration at which point the calibration block was again placed on the surface of the
ligament and another digital photograph was captured. All testing took place at room temperature
and the spinal ligaments were misted with an isotonic saline solution every ten minutes to
maintain hydration.
After calibrating and sequencing the digital photographs, the pre-strain distribution of
each ligament was calculated based on marker motion using standard optical strain measurement
techniques. In particular, the magnitude of pre-strain was calculated between each set of markers
using the engineering strain equation:
Ɛ=(Li-Lf)/Lf
where Li is the length between markers in the in-situ state and Lf is the length between
markers in the stress free state. For the ISL, the superior and inferior markers were used to
calculate pre-strain in the inferior-superior direction while the dorsal and ventral markers were
used to calculate pre-strain in the dorsal-ventral direction. For the ALL, the medial-lateral prestrain was calculated using the outer most sets of markers. As two sets of markers appeared both
over the disk and over the vertebral bodies, average pre-strain values were calculated for these
regions. Three sets of markers were employed to measure pre-strain in the vertical direction for
the ALL; therefore, average values were also reported for vertical pre-strain (see Figure 2).

4.3.2

Application of Compressive Load to Simulate Upper Body Weight
To determine the effects of upper body weight on spinal ligament pre-strain, a

compressive follower load was employed [190]. Cadaver spines void of adipose tissue and
musculature were separated into single level functional spinal units (FSU) which consisted of a
single superior vertebra, IVD, and inferior vertebra with their associated spinal ligaments as seen
in Figure 4-1. The vertebral bodies of each FSU were potted using a two-part polyester resin
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(Bondo 265, 3M; St. Paul, MN). Optical markers were then placed on the SSL, ALL, and ISL as
explained in section 4.3.1, except that markers were not attached to the ALL over the vertebral
bodies due to interference with the potting medium. The inferior potting fixture was then secured
in a multi-axial spine tester and the neutral position of the FSU was identified. While in its
neutral position, a 444 N compressive load was applied to the superior potting fixture. The
location of the 444 N compressive load was adjusted so that it acted through the center of
rotation for the FSU, causing the spine tester to register a torque of less than ± 0.3 Nm.
Calibrated digital photographs were then obtained as outlined above; both with and without the
444 N compressive load applied to the FSU. Pre-strain due to application of the compressive
load was calculated as outlined in section 4.3.1.

4.3.3

Finite Element Model
A previously verified and validated hexahedral nonlinear FE model of a T12-S1 spine

[194] (Figure 4-3) was used to predict changes in biomechanics resulting from ligament prestrain. The mesh was developed using a commercial FE preprocessor (TrueGrid, XYZ Scientific
Applications, Inc., Livermore, CA) based on geometry from CT scan data of a 65 year old,
cadaveric lumbar spine. The ligaments (ALL, PLL, LF, ISL, SSL and FC) were represented with
tension-only “fabric” shell elements (LSTC, 2011) which allow for three-dimensional
deformation and stress fields. The cross-sectional areas for the ligaments were added from data
published in the literature [97]. Nonlinear constitutive relationships were also taken from the
literature [97] and implemented in the ligaments as piecewise linear curves. Boundary conditions
for the simulations included a 444 N follower load [190], fixing the S1 vertebra against rotation
and translation and applying a rotational displacement to the T12 vertebra in flexion (20°),
extension (20°), lateral bending (±15°), and axial rotation (±15°), thus representing normal
52

physiologic motion [195]. Initially these six loading cases did not include ligament pre-strain.
Each of the six cases were then adapted to include the average, multi-axial, ligament pre-strain
values obtained from the experimental methods described previously. Results from these six
models were compared to the six models which did not include pre-strain.

Figure 4-3 Finite Element Model Mesh and Boundary Conditions

The effects of ligament pre-strain were investigated using a previously validated FE model of the
lumbar spine. Boundary conditions included a 444 N follower load, fixing the sacrum and
applying rotational displacements to the T12 vertebra in flexion (20°), extension (20°), lateral
bending (±15°), and axial rotation (±15°). The sacrum and T12 vertebra were modeled as rigid
bodies.
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4.4

Results
A total of 71 ligaments (30 ALL, 27 SSL and 14 ISL) from three cadaver specimens

(ages 29, 42 and 73) were examined as outlined in section 2.1 to determine their pre-strain
distributions. These results were grouped according to ligament and spinal region and are
presented below in sections 4.4.1-4.4.3. Ten additional ligaments (4 ALL, 3 ISL and 3 SSL)
were subjected to the testing protocol outlined in section 4.3.2 to investigate the effects of the
upper body weight on spinal ligament pre-strain. These results are presented in section 4.4.4.
Section 4.4.5 presents results from the FE studies outlined in section 4.3.3 which applied average
pre-strain values to the spinal ligaments. Results are presented as mean ± standard deviation.

4.4.1

Pre-strain in the Anterior Longitudinal Ligament (see Table 4-1)
The ALL demonstrated pre-strain in the parallel fiber (longitudinal) direction and in the

transverse fiber direction. In the portion of the ligament that covered the vertebral bodies, the
ALL exhibited a transverse pre-strain (percent) of 4.4 ± 5.7 and a longitudinal pre-strain
(percent) of 3.8 ± 3.7. In the portion of the ligament that covered the IVD a transverse pre-strain
(percent) of 3.7 ± 6.7 and a longitudinal pre-strain (percent) of 7.0 ± 4.4 were observed. A onetailed paired t-test revealed that the amount of longitudinal pre-strain in the portion of the ALL
that spans the IVD was greater than the amount of pre-strain in the portion of the ligament that
spans the vertebral bodies (p=.02). Results also demonstrated that the amount of longitudinal
pre-strain varied across the width (coronal plane) of the ligament. In the most extreme case, a
pre-strain of 1.4 percent was measured on the right side of the ligament while a pre-strain of 25.4
percent was measured on the left side of the ligament.
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4.4.2

Pre-strain in the Interspinous Ligament (see Table 4-1)
The ISL demonstrated both longitudinal and transverse pre-strain, and in some cases,

negative pre-strain. In the inferior-superior direction a pre-strain (percent) of 16.4 ± 30.6 was
observed while in the dorsal-ventral direction the pre-strain (percent) was 0.2 ± 14.9. The
amount of inferior-superior pre-strain in the ligaments from the thoracic region was much greater
than the amount of pre-strain in ligaments from the lumbar region. However, it was also
qualitatively noted that the ISL in the thoracic region appeared to possess far inferior structural
properties (i.e., a gelatinous consistency rather than that of a typical fibrous ligament) to its
counterpart in the lumbar region. In fact, in the upper thoracic regions the ISL would readily tear
or separate from the spinous processes when applying only light pressure with the blunt end of a
dissection tool.

4.4.3

Pre-strain in the Supraspinous Ligament (see Table 4-1)
Pre-strain in the SSL was often found to be negative (i.e. it is lax in the neutral spinal

posture). The amount of pre-strain varied from 2 percent to negative 20 percent and the average
pre-strain (percent) was -8.9 ± 11.2.

4.4.4

Effects of Upper Body Weight on Spinal Ligament Pre-strain
Results showed that application of a 444 N compressive load representing the upper body

weight of an individual induced changes in spinal ligament pre-strain. Pre-strain in the ALL
generally increased (tension was increased) upon application of the compressive load while prestrain in the SSL was reduced (laxity was increased). In some instances the pre-strain in the ISL
was increased while in other instances it decreased. The average relative increases and decreases
in spinal ligament pre-strain are presented in Table 4-2.
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Table 4-1 Pre-Strain (percent) in the Spinal Ligaments
Anterior Longitudinal Ligament
Bone

Supraspinous
Ligament

Disc

Interspinous Ligament

Transverse

Longitudinal

Transverse

Longitudinal

Longitudinal

Horizontal

Vertical

Total

4.4 ± 5.7
n = 17

3.8 ± 3.7
n = 17

3.7 ± 6.7
n = 18

7.0 ± 4.4
n = 30

-8.9 ± 11.2
n = 27

0.2 ± 14.9
n = 14

16.4 ± 30.6
n = 14

Lumbar
(S1-T12)

4.5 ± 5.5
n=7

2.0 ± 4.4
n=7

1.0 ± 4.9
n=8

5.3 ± 4.6
n = 11

-6.0 ± 12.7
n=9

3.7 ± 11.8
n=9

4.3 ± 6.7
n=9

Thoracic
(T12-T1)

4.3 ± 6.1
n = 10

5.0 ± 2.7
n = 10

5.8 ± 7.3
n = 10

8.0 ± 4.1
n = 19

-10.4 ± 10.5
n = 18

-6.0 ± 19.2
n=5

38.3 ± 45.0
n=5

values presented as mean ± standard deviation

Table 4-2 Relative Changes in Pre-strain (percent) Due to Application of 444 N Compressive Load
Anterior Longitudinal Ligament
Interspinous Ligament
Vertical
Medial-lateral
Superior-inferior
Dorsal-ventral
direction
direction
direction
direction
1.5 ± 1.9
1.6 ± 2.6
0.3 ± 4.7
0.6 ± 1.2
n=4
n=4
n=3
n=3
values presented as mean ± standard deviation

4.4.5

Supraspinous
Ligament
-6.0 ± 4.2
n=3

Biomechanical Consequences of Spinal Ligament Pre-strain
Substantial changes in ligament stresses (greater than 100 percent change) were observed

when applying average pre-strain results to the lumbar FE model described in section 4.3.3. In
general, the SSL was subjected to less stress while the ISL, ALL and LF experienced an increase
in stress. Significant changes were also observed in overall spinal biomechanics. Specifically,
facet contact forces, IVD pressures, pedicle stresses and reaction moments were all affected by
inclusion of ligament pre-strain. Table 4-3 and Table 4-4 summarize these results for each of the
major modes of spinal loading (flexion, extension, lateral bending and axial rotation), and
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display both the percent change, and absolute change, between the zero pre-strain model and the
model which included pre-strain.

Table 4-3 Percent Change and Absolute (Abs) Change in Stress of Spinal Structures
Due to Inclusion of Pre-strain Results in FE Model
Facet Contact
Stress (MPa)

Axial
Rotation
Lateral
Bending
Spinal
Flexion
Spinal
Extension

Disc Pressure
(MPa)

Endplate Stress
(MPa)

Max Pedicle
Stress (MPa)

Reaction
Moments (Nm)

%
change

Abs
change

%
change

Abs
change

%
change

Abs
change

%
change

Abs
change

%
change

Abs
change

5.59

6.61

2.33

0.00882

1.44

0.124

2.38

0.753

7.80

3.45

5.51

2.97

1.54

0.00647

0.408

0.0613

1.43

0.486

1.50

0.090

78.0

2.27

-2.57

-0.0180

-1.73

-0.213

-9.63

-19.0

-8.11

-1.20

-4.76

-9.93

7.57

0.0240

-2.81

-0.318

0.656

0.405

6.23

0.510

Table 4-4 Percent Change and Absolute (Abs) Change in Ligament Stresses (MPa)
Due to Inclusion of Pre-strain Results in FE Model
Anterior
Longitudinal
Ligament

Axial
Rotation
Lateral
Bending
Spinal
Flexion
Spinal
Extension

Posterior
Longitudinal
Ligament

Facet Capsules

Ligamentum
Flavum

Interspinous
Ligament

Supraspinous
Ligament

%
change

Abs
change

%
change

Abs
change

%
change

Abs
change

%
change

Abs
change

%
change

Abs
change

%
change

Abs
change

145

0.419

-1.80

0.000993

-0.190

-0.0012

176

0.0289

568

0.224

33.1

-0.160

228

0.490

0.300

-0.00120

-1.10

-0.0016

25.5

-0.0650

1376

0.197

-26.5

-0.0590

115

0.0828

5.22

0.0590

0.584

0.230

4.19

0.248

28.6

0.212

-52.2

-1.62

108

0.624

-5.18

-0.00468

-0.365

0.00217

-15.9

-0.121

332

-0.307

-47.4

-0.0586
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4.5

4.5.1

Discussion

Experimental Pre-strain Measurements
As hypothesized, the ALL and ISL exhibit multi-axial pre-strain distributions. Therefore,

to correctly predict their in situ stress states, pre-strain must be accounted for in both the
longitudinal and transverse fiber directions. This has not been done previously due to a lack of
multi-axial pre-strain data, reflecting an intrinsic weakness of existing computational spine
models that have not had access to this type of data. In light of these findings it is recommended
that future spinal FE models employ element types which can accurately represent the multiaxial loading state of these ligaments (i.e. shell or volumetric elements), as opposed to the
uniaxial spring elements which have commonly been used previously. Results from the current
study indicate that doing so will enable these models to more correctly predict ligament stresses
and overall spinal biomechanics (see section 4.4.5).
The SSL commonly demonstrated negative pre-strain, indicating it makes no mechanical
contribution to spinal stability near the neutral position of the spine. In some cases the amount of
laxity in the SSL was so great as to indicate that it only makes significant contributions to spinal
biomechanics at the extremes of spinal motion. This leads one to question if the SSL may serve
an additional purpose, perhaps with regards to sensory feedback. The first formal hypothesis that
ligaments serve not only as structural members but also as major sensory organs capable of
actively monitoring and influencing joint kinematics was presented as early as 1900 [107]. More
recent studies have identified both free and complex nerve endings in the spinal ligaments,
suggesting they serve as feedback mechanisms, relaying important nociceptive and
proprioceptive information to the central nervous systems [93, 94, 131, 132, 134, 135, 151, 155,
157]. Nerve endings in the SSL in particular, are known to elicit contraction of the deep spinal
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musculature when stimulated by stretching of the SSL [129]. These studies have led some
researchers and clinicians to hypothesize that damage to the spinal ligaments is a direct cause of
chronic back pain [92, 148, 166].
Material constitutive properties in isolation do not determine the mechanical contribution
of a spinal ligament to spinal stability. Rather a combination of both pre-strain and material
constitutive properties determine the mechanical influence of a ligament. For example, even an
exceptionally stiff and strong SSL could only make small mechanical contributions to spinal
stability because of its high amount of negative pre-strain. Conversely, the large amounts of prestrain in the thoracic ISL has little effect on overall spinal biomechanics due to the extremely low
stiffness of the ligament in that spinal region (see section 4.4.2) [142]. These findings should be
of particular interest to the spinal modeling community, as they demonstrate the necessity of
accounting for ligament pre-stain in biomechanical models.

4.5.2

Optical Strain Tracking Techniques
Many techniques have been proposed for measuring soft tissue strain. However, certain

limitations associated with each of these techniques, in combination with the small size of spinal
ligaments prohibited their use in the current study. As such, the authors chose to use a 32 gauge
needle to insert small amounts of pigments just beneath the ligament surface to produce optical
markers. By using pigment the authors were able to avoid the potential pitfalls associated with
attaching external markers to the surface of the ligament (e.g., accidentally gluing markers
together, excess glue inhibiting mechanical response, etc.) and to measure pre-strain within the
actual ligament substance, as opposed to strain in the loose sheath that surrounds the ligament.
This was particularly advantageous as the strain state of the periligament (the loose sheath that
surrounds the ligament) does not represent the strain state of the ligament itself [196, 197]. It
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should be mentioned that when observing ligaments injected with the same pigment for a period
of 1 hour, no distortion of the optical markers was observed. In addition, no artifacts from needle
insertion were observed in the current study. Other researchers who attached beads to the ALL
using a similarly sized needle (5-0 suture ≈ 0.25 mm needle diameter) to the one used in the
current study (32 gauge ≈ 0.235 mm diameter), likewise did not observe any artifacts from
needle insertion when mechanically stretching the ALL to failure [198].

4.5.3

Comparison of Results with Peer-Reviewed Literature
As discussed previously, there is a lack of pre-strain data in the peer-reviewed literature

for most spinal ligaments. However where available, results from other researchers have been
included in Table 4-5 for the benefit of the reader.

Table 4-5 Pre-strain (percent) Results from Peer-Reviewed Literature

Nachemson et
al. (1968)
Hukins et al.*
(1990)
Tkaczuk*+
(1968)

Anterior
Longitudinal
Ligament

Posterior Longitudinal
Ligament

NA

NA

3.4 ± 0.4
10.5 ± 0.6
n=4
n=4
7.98 ±2.28
9.88 ± 2.50
n = 28
n = 28
* Location of ligament sample was not specified
+ Samples from pre-adolescent donors were excluded
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Ligamentum
Flavum
10.59 ± 5.56
n = 10
17.0
n=1
NA

4.5.4

Limitations
The hydration state of ligaments is known to affect their pre-strain distributions [199]. As

such, special care was taken to ensure the hydration state of the spinal ligaments remained at
physiologic levels. This was accomplished by misting the specimens every ten minutes with an
isotonic saline solution. In addition, the time between acquiring the in situ and ex vivo
photographs was minimized by characterizing each ligament sequentially, thus ensuring an equal
hydration state of the ligament in each photograph. Temperature is also known to affect
ligaments constitutive properties. However, the effects of temperature on ligament pre-strain
have yet to be quantified and remain the topic of future research.
Optical strain tracking techniques used in the current study assume that each marker lies
within a plane oriented perpendicular to the plane of the camera. However, the ALL is not planar
when attached to the spine. For this reason, only the central part of the ALL was considered in
the current study. Analysis of our video system revealed that a 1 mm out of plane marker would
result in a less than a 0.2 percent error in pre-strain measurements. The resolution of the USB
microscope was 1080 pixels by 1080 pixels thus limiting resolution of strain measurements to
approximately 0.1 percent strain.

4.5.5
•

Conclusion
Pigment based markers may provide several advantages over solid markers when using
optical strain tracking techniques for small dimensioned soft tissues

•

The ISL and ALL are not uniaxial structures (i.e. they have multi-axial pre-strain
distributions.

•

The SSL does not mechanically contribute to spinal stability near the neutral posture (i.e.
it exhibits negative pre-strain)
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•

Biomechanical models which account for ligament pre-strain can more accurately predict
ligament stresses and overall spinal biomechanics when compared to models that do not
include ligament pre-strain
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5

5.1

A SMALL PUNCH TEST TO CHARACTERIZE NONLINEAR ANISOTROPIC
LIGAMENT PROPERTIES

Abstract
Characterizing the nonlinear, anisotropic, inhomogeneous constitutive response of

biological soft tissues is a challenging task. As a result, the anisotropic properties of many
smaller ligaments have yet to be characterized. A novel testing methodology known as the
anisotropic small punch test (ASPT) may overcome several of the most significant hurdles to
characterizing the material constitutive response of these tissues. This paper presents a numerical
study, conducted to establish theoretical limits on the ability and accuracy with which the ASPT
methodology is able to derive nonlinear, anisotropic material parameters from ligament tissue. In
every case, the ASPT methodology derived constitutive parameters that accurately described the
nonlinear, anisotropic material response of the samples tested and accurately predicted the
behavior of alternative geometry samples under complex loading as well. Thus, the present work
strengthens the case for using the ASPT to characterize ligament properties, with potential
application to other nonlinear, anisotropic materials.

5.2

Background
Ligaments are tough fibrous bands, or sheets of connective tissue that connect bone to

bone and serve to passively provide joint stability and guide joint motion. They are composed of
highly organized collagen fibers with a characteristic crimp waveform, which are embedded in a
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proteoglycan-rich ground substance matrix. This unique composition gives rise to the strongly
nonlinear, anisotropic (transversely isotropic along the collagen fiber direction) constitutive
response of ligaments.
The material response of ligament is notoriously difficult to characterize. In addition to
their nonlinear anisotropic response, ligaments also demonstrate inhomogeneous, viscoelastic,
strain rate dependent properties. Furthermore, ligament cross-sections vary dramatically across
the expanse of the tissue [200] and collagen fiber density and directionality vary throughout the
tissue as well [201]. Age, degeneration, injury, repair, and disease also affect ligament material
properties [202-204]. A wide variation in constitutive behavior is observed between individuals
even when demographic characteristics are carefully selected to maximize consistency of
response [205, 206].
Furthermore, the hydrated ground substance matrix presents a challenge to gripping
ligament test samples. As a result, a wide variety of techniques have been used in an effort to
obtain adequate constraint force on ligament specimens during material characterization without
crushing the specimen, thereby inducing premature tissue rupture at the grip interface. A
common technique uses a bone-ligament-bone (BLB) complex subjected to a single uniaxial
tensile test along the fiber direction [207]. This technique avoids gripping artifacts, and preserves
the ligament-bone insertion. However, it only yields a single test sample per ligament, thus
prohibiting characterization of inhomogeneous and off-axis tissue properties. In addition, many
ligaments have non-uniform cross-sections and non-uniform lengths. Thus while BLB
complexes are very useful in determining the uniaxial response of an entire ligamentous entity
(ligament, insertion site, and attached bone) a number of challenges prevent their use in
characterizing the inhomogenous, anisotropic, constitutive properties of isolated ligament tissue.
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Techniques have also been developed to grip isolated ligament tissue, including either freezing
or drying the ends of the ligament to be clamped [208, 209] as well as sewing sutures through the
ends of the ligament, which are then tied to the clamps [210]. Numerous researchers have found
these techniques useful in characterizing larger tissue samples. However, they can induce
material changes and/or localized stress concentrations near the attachment interface, thus
complicating their use in characterizing smaller tissue samples. Others have reported success in
using “dogbone” shaped ligament test specimens that have been punched in multiple directions
from the same ligament [211]. These tests yield additional gripping area, provide more uniform
cross-sectional areas, are capable of characterizing anisotropy and to a degree, even
inhomogeneity. Nevertheless, testing of isolated ligament tissue often results in premature failure
due to localized slipping and stress concentrations induced from gripping the sample [205, 206].
The aforementioned methods have proven extremely valuable in obtaining average
population data for many larger ligaments. However, due to associated challenges and the
relatively large sample volumes required to implement these techniques the nonlinear,
inhomogenous, anisotropic properties of many smaller ligaments (e.g. spinal ligaments) have yet
to quantified. The authors propose that a modified small punch test (ASPT) may greatly extend
the capabilities of current soft tissue testing techniques by enabling the anisotropic,
inhomogeneous characterization of small ligaments.
Isotropic small punch tests have been used to determine the material response of many
engineering materials. They require smaller sample volumes than uniaxial test thereby allowing
investigators to more accurately characterize material properties of transition zones in materials
(i.e. heat affected zones) and measure in-service degradation when only a limited material
volume is available for testing. Small punch tests also offer an increased gripping area to applied
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stress ratio, thus reducing the required gripping stress and the related likelihood of premature
failure at the grip interface. Because of these advantages, small punch testing has become
prevalent in isotropic material characterization. For example, it has been used to estimate elastic
properties [212], ductile and brittle fracture toughness [213-215], ductile to brittle transition
temperature [216, 217], and to analyze irradiation effects [218-220]. The small punch test has
become the standard for evaluating the mechanical behavior of orthopedic polymers [221-224].
However, an accurate method of determining the contribution of an anisotropic material's
directional properties to the overall response of a punch test sample has yet to be presented.
The objective of this research was to demonstrate that the nonlinear, anisotropic
properties of a small punch test sample can be determined using an inverse parameter estimation
routine. In particular, small punch test samples from spinal ligaments approximately 6 mm in
diameter and 0.5 mm in thickness were investigated because material characterization testing
using samples of these dimensions would enable a more comprehensive investigation of
numerous smaller ligaments. This work will enable future experimental validation studies of the
ASPT.

5.3

5.3.1

Methods and Materials

The ASPT Device
The ASPT apparatus grasps a circular test sample 6 mm in diameter with a sample height

between 0.3 mm and 2 mm around its periphery while a rod is raised which displaces the center
of the tissue sample. Due to tissue anisotropy, the deformation shape of the sample is dissimilar
when viewed from two orthogonal angles (Figure 5-1). In fact, the asymmetry of the deformation
shape is a direct measure of tissue anisotropy (greater degree of anisotropy = greater asymmetry
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in deformation shape). During testing the force and displacement of the rod are recorded while
two orthogonal CCD cameras capture the asymmetric deformation shape of the sample. In
addition, a microscope obtains a topological view of the sample that validates fiber direction and
ensures no localized slipping occurs in the grips of the ASPT mechanism during testing. The
force-displacement data is used as input to a system-identification optimization routine, which
derives anisotropic material parameters for each test sample. The asymmetric deformation shape
captured by the two orthogonal cameras is used as an independent validation measure to ensure
the accuracy of the derived material parameters. A photograph of the experimental setup can be
seen in Figure 5-2.

Transverse Fiber Direction

Parallel Fiber Direction

Figure 5-1 Asymmetric Deformation Shape of ASPT Sample
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Figure 5-2 Photograph of Experimental ASPT Setup

5.3.2

Anisotropic Constitutive Model
Like most nonlinear constitutive characterization procedures, the ASPT uses system-

identification techniques to identify a set of material parameters from the chosen constitutive
model that best describes the samples’ force-displacement response. In the present work, we
utilized a structurally motivated strain-energy based continuum model developed by Weiss et al.
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[225] to specifically model the constitutive response of ligament. This model consists of six
material parameters of interest, which effectively represent the contributions of the ground
substance matrix and the collagen fibers. These parameters are C1, C2, C3, C4, C5, and λ*. C1 and
C2 characterize the response of the ground substance matrix, which can be described with either
a Neo-Hookean model or a Mooney-Rivlin model. If C2 is set equal to zero, then a Neo-Hookean
material model is employed, whereas if C2 is included, a Mooney-Rivlin material model is
employed [226]. For all of the research presented herein, C2 was set equal to zero and a NeoHookean model was used to characterize the ground substance matrix. The remaining parameters
(C3, C4, C5, and λ*) describe the response of the collagen fibers. C3 and C4 are coupled
parameters that jointly describe the rate of collagen fiber uncrimping. C5 represents the tangent
modulus of straightened collagen fibers, and λ* represents the stretch at which the collagen
fibers become uncrimped (i.e. inflection point of the along-fiber stress strain curve).
The constitutive model assumes the matrix to be isotropic and incompressible and that
the organization of the collagen fibers give rise to the observed transversely isotropic material
response. The strain energy of the matrix is described by the Neo-Hookean material model

𝑪𝟏
𝟐

(5-1)

(𝑰𝟏 − 𝟑),

where 𝐼1 is the first invariant of the right Cauchy stretch tensor. The model also assumes that the
collagen fibers cannot support a compressive load, that the toe region of the stress-strain

response can be represented by an exponential function, and that a straight line can adequately
represent the linear region of the stress-strain response. Given these assumptions the strain
energy for the collagen fibers can be written as
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𝝀𝑾𝝀 = 𝟎,

𝝀 < 𝟏,

𝝀𝑾𝝀 = 𝑪𝟑 �𝒆𝑪𝟒 (𝝀−𝟏) − 𝟏�, 𝝀 < 𝝀∗ ,
𝝀𝑾𝝀 = 𝑪𝟓 𝝀 + 𝑪𝟔 ,

(5-2)

𝝀 ≥ 𝝀∗ ,

where 𝜆 is stretch and 𝑊𝜆 denotes the first derivative of strain energy with respect to 𝜆. C6

ensures that the linear and exponential regions are continuous at 𝜆∗ and is calculated as follows:
𝑪𝟔 = 𝑪𝟑 �𝒆𝑪𝟒 (𝝀

5.3.3

∗ −𝟏)

− 𝟏� − 𝑪𝟓 𝝀∗ .

(5-3)

Preliminary Investigation of the ASPT
Four quarter symmetry nonlinear Finite Element (FE) models were generated using LS-

PrePost (Livermore Software Technology Corp. Livermore, California) and assigned the
aforementioned material model (section 5.3.2). The FE models were 1.0 mm, 0.7 mm, 0.5 mm,
and 0.3 mm thick, each with a radius of 2.2 mm. The models were constrained in the X, Y, and Z
degrees of freedom around their periphery, while the center of the model was displaced 1 mm in
the Z direction, thereby representing the experimental ASPT setup. Figure 5-3 displays the basic
geometry and boundary conditions of each model.
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Figure 5-3 Boundary Conditions of Finite Element Model

A total of 100 characterization tests were performed on these FE models to determine
how each constitutive parameter affected the material response of the ASPT sample. These tests
revealed that each material parameter uniquely contributed to both the deformation shape of the
sample and to the load-displacement response of the cylindrical rod (see section 5.4.1 for more
detail). This suggests that the force-displacement response of the sample is best-described by a
unique set of anisotropic material parameters. Therefore, it was postulated that an inverse FE
routine (system-identification optimization routine) may be able to derive anisotropic properties
from a single ASPT force-displacement curve, without the need for additional camera data. This
hypothesis was investigated in the present work, allowing the deformation shape of the sample to
be an independent validation measure of the derived constitutive parameters.
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5.3.4

Numerical Validation of the ASPT
To test the hypothesis that nonlinear, anisotropic properties could be derived from a

single force-displacement curve pseudo-experimental data of known origin was created and used
as input to a system-identification optimization routine. The optimization routine was developed
in LSOpt (Livermore Software Technology Corp. Livermore, California), with the objective of
minimizing the mean square error between an input, or target force-displacement curve, and the
force-displacement response of a given FE model. The optimization routine was set to terminate
once the change in the objective function dropped below 3%. A hybrid simulated annealing leap frog optimization routine [227-230] was utilized for all of the results presented in this paper.
Four independent measures of validation were employed to determine the accuracy of the
ASPT. First, the nonlinear R2 value of the optimized and ‘psuedo-experimental’ forcedisplacement curve was calculated. Second, the asymmetric deformation shape of both the
pseudo-experimental data and optimized model were compared and the mean square error was
calculated. Third, a separate FE model was created and pulled in tension, both in the parallel and
transverse directions. These tensile tests were performed both with the optimized constitutive
parameters and the psuedo-experimental constitutive parameters. Their force-displacement
curves were then compared and nonlinear R2 values were calculated. This FE model consisted of
a simple 10 mm cube. One side of the cube could be fixed in the X, Y, and Z degrees of freedom
while the opposite side was displaced 5 mm. Fourth, the optimized material parameters were
directly compared to pseudo-experimental material parameters, and the percent error was
determined. This procedure was conducted for 20 different sets of randomly assigned material
parameters.
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5.3.5

Exemplar Testing of Spinal Ligaments
Exemplar testing of spinal ligaments was conducted to address feasibility concerns with

regards to the ASPT method. Cadaveric spinal segments were obtained from an accredited tissue
bank following an IRB approved acquisition and testing protocol. Ligament specimens were then
individually excised, flash frozen, vacuum sealed, and stored in a -25° C freezer. In preparation
for testing, specimens were allowed to reach room temperature and sectioned into multiple
samples of uniform thickness using a microtome blade. Prior to testing, the thickness of each
sample was measured using a calibrated CCD camera (scA640-70fm, Basler Vision
Technologies, Germany) equipped with a macro zoom lens (MLH-10X, Computar, New York).
During dissection, handling, and testing ligament specimens were kept hydrated with an isotonic
saline solution.
All samples were preconditioned by displacing the rod 0.1 mm ten times. Samples were
then tested to failure by displacing the rod at a constant rate of two mm per second. Forcedisplacement data was gathered and used as input to the aforementioned optimization routine to
obtain material parameters. The thickness of each FE model used in the optimization routine was
adjusted to accurately reflect the thickness of each test sample to the nearest 0.01 mm.
The particular ASPT device used during testing consisted of a 4.4 mm diameter clamp
and 1.8 mm diameter rod. A linear potentiometer and a 22 lb load cell with an accuracy of ± 0.01
mm and ±0.005 lbs were employed to collect force-displacement data for each sample. Two
CCD cameras (scA640-70fm, Basler Vision Technologies, Germany) equipped with macro zoom
lenses (MLH-10X, Computar, New York) were used to capture the asymmetric deformation
shape of the sample. A digital microscope obtained a topological of the view of the sample
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during testing to determine fiber directionality and ensure that no localized slipping occurred at
the clamp.

5.4

5.4.1

Results

Validation
The ASPT methodology was able to derive material parameters that accurately described

the anisotropic material properties of all 20 sets of pseudo-experimental data. The nonlinear R2
values calculated from target and optimized force-displacement curves of all 20 ASPT models
are displayed in Table 5-1. The nonlinear R2 values calculated from force-displacement curves of
tensile test, which were performed both in the transverse and parallel directions, as well as the
mean square error calculated from the optimized, and target deformation shapes of the sample
are also shown in Table 5-1. R2T values were calculated from the force-displacement response of
the sample when pulled in the transverse (cross fiber) direction, while the R2P values were
calculated from force-displacement response of the sample pulled in the parallel (along fiber)
direction. The mean square error of the deformation shape was calculated at 20 equidistant points
along each samples’ profile. MSEParallel values were derived from the parallel fiber profiles while
MSETransverse values were derived from the transverse fiber profiles (Figure 5-1). Table 5-2 shows
the percent error calculated from the optimized and pseudo-experimental material parameters.
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Table 5-1 Mean Square Error and Nonlinear R2 Values

Model 1
Model 2
0.3 mm
Model 3
Model 4
Model 5
Model 6
Model 7
0.5 mm
Model 8
Model 9
Model 10
Model 11
Model 12
0.7 mm
Model 13
Model 14
Model 15
Model 16
Model 17
1.0 mm
Model 18
Model 19
Model 20
Average
+ Units for MSE are in mm2

Punch Test
R2
0.999992
0.999977
0.999987
0.999972
0.999994
0.999968
0.999992
0.999856
0.999973
0.999975
0.999868
0.999998
0.999975
0.999996
0.999985
0.999998
0.999999
0.999992
0.999985
0.999978
0.999973

Tensile Test
R2T
R2P
0.999452
0.999998
0.995452
0.999170
0.991206
0.999834
0.999932
0.999742
0.995406
0.999925
0.967626
0.999098
0.999958
0.999998
0.999999
0.997332
0.971109
0.999838
0.998816
0.998355
0.999423
0.985134
0.999999
0.999948
0.992666
0.999678
0.999971
0.999956
0.999903
0.999785
0.999999
0.999978
0.999999
0.999995
0.999127
0.999946
0.998937
0.999932
0.981700
0.998516
0.994534
0.998808
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Anisotropic Profiles +
MSEParallel
MSETransverse
3.412E-07
3.189E-08
1.202E-06
1.291E-07
2.233E-06
1.813E-07
3.694E-08
2.386E-08
4.548E-07
1.489E-07
0.0001866
2.149E-06
3.008E-07
1.654E-09
4.688E-07
5.378E-08
3.702E-05
5.138E-07
5.717E-08
2.247E-07
1.817E-06
9.591E-08
1.259E-09
5.111E-10
3.10E-06
7.499E-08
7.703E-10
2.099E-09
3.67E-08
9.185E-08
9.496E-09
4.988E-09
1.044E-08
1.245E-09
9.825E-07
3.947E-08
2.321E-07
2.372E-07
2.39E-05
2.41E-07
1.294E-05
2.124E-07

Table 5-2 Percent Error in Material Parameter Values

Model 1
Model 2
0.3 mm
Model 3
Model 4
Model 5
Model 6
Model 7
0.5 mm
Model 8
Model 9
Model 10
Model 11
Model 12
0.7 mm
Model 13
Model 14
Model 15
Model 16
Model 17
1.0 mm
Model 18
Model 19
Model 20
Average

C1
0.67
2.78
3.85
0.24
2.80
7.78
0.22
<< 0.01
7.27
1.34
0.84
<< 0.01
3.47
0.17
0.34
<< 0.01
<< 0.01
1.09
1.19
5.71
1.99

C3 +
25.77
40.13
34.78
50.00
12.50
40.63
185.71
113.33
50.00
64.29
55.00
1.82
22.00
6.00
134.00
15.83
253.33
32.45
20.60
39.63
59.89

C4 +
19.25
13.35
14.47
29.32
29.02
16.74
45.45
39.58
17.65
26.84
3.97
1.87
9.22
90.29
16.74
8.77
65.93
10.58
115.81
15.46
29.52

C5
0.07
1.44
1.26
1.27
0.45
1.58
0.12
3.95
0.54
4.48
10.53
0.55
0.65
0.46
1.22
0.35
0.14
0.21
0.16
1.83
1.56

λ*
<< 0.01
<< 0.01
<< 0.01
0.95
<< 0.01
<< 0.01
<< 0.01
3.92
<< 0.01
1.92
3.77
<< 0.01
<< 0.01
<< 0.01
<< 0.01
0.09
<< 0.01
<< 0.01
<< 0.01
0.95
0.59

+ Even though the individual C3, C4 values are not exact, the combined behavior produced
closely matches the target models material behavior. This was expected and is consistent with
the material model formulation.

5.4.2

Exemplar Testing of Spinal Ligaments
A total of four supraspinous ligaments were sectioned using a microtome blade, resulting

in 11 test samples. Each sample failed mid-substance and no localized slipping at the
mechanisms grips was observed by the digital microscope or CCD cameras during testing. The
optimization routine was able to derive material parameters that matched the material response
of each test sample. Nonlinear R2 values calculated from the experimental force-displacement
data, and the force-displacement data produced from the optimized material parameters can be
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seen in Table 5-3. The location of each ligament specimen, the number of test samples obtained
from each specimen, and the thickness of each sample is also displayed in Table 5-3. Table 5-4
compares average material properties obtained in the current study to those reported in the
literature.

Table 5-3 Experimental Results

Spine Location
L4-L5
A
T10-T11

L4-L5
B
T12-L1

Sample
1
2
1
2
3
1
2
3
1
2
3

Thickness
(mm)
1.51
1.32
0.83
0.90
0.88
1.26
0.97
1.05
0.78
0.85
0.55

R2
0.9935
0.9988
0.9961
0.9948
0.9957
0.9872
0.9851
0.9953
0.9660
0.9922
0.9924

Table 5-4 Comparison of Experimental Results With Peer-Reviewed Literature

Level
T10-T11
T12-L1
L4-L5

Longitudinal Strain at
Failure (%)
ASPT
Pintar 1992
58.6 ± 11.5
NR
39 ± 12
75.0 ± 7.1
106.3 ± 9.7
100 ± 88.9

Longitudinal Stress at
Failure (MPa)
ASPT
Pintar 1992
6.2 ± 3.8
NR
6.8 ± 2.5
8.9 ± 3.2
12.7 ± 7.1
15.4 ± 18.6

Values are presented as mean ± standard deviation
NR = Not reported
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Longitudinal Stiffness / C5
(MPa)
ASPT
Pintar 1992
12.6 ± 9.2
NR
17.0 ± 6.4
15.1 ± 6.9
18.0 ± 6.9
16.3 ± 11.2

5.5

5.5.1

Discussion

Numerical Validation of the ASPT
From the numerical characterization tests it was determined that all of the material

parameters affected the force-displacement response of the ASPT sample in a unique manner. C5
affected the force-displacement response in a linear manner and only had an effect at high
displacement values. C4 and C3 affected the force-displacement response in a nonlinear manner
at low displacement values and had no effect at high values of displacement. λ* determined the
displacement at which C5 became active and C4 and C3 became inactive. C1 affected the response
at all values of displacement in a nonlinear manner. Consequently, every possible forcedisplacement response of the ASPT is described by a unique set of material parameters (i.e. no
other set of anisotropic material parameters can produce the exact same force-displacement
response). This fact enabled the inverse finite element optimization routine to derive anisotropic
constitutive parameters from a single ASPT force-displacement curve, thus permitting the
deformation shape of the sample to be used as an independent validation measure of said
parameters.
It should be noted that C3 and C4 had very similar effects on the material response of the
sample. This is a consequence of the model formulation. As a result there are multiple
combinations of C3 and C4 that provide a nearly identical material response. This is readily
apparent when observing a three dimensional hyperplane of design space of the optimization
routine. Figure 5-4 shows such a plot in which C3 and C4 are set as variables while all others
parameters are being held constant (e.g. at their optimal values). A long, narrow, and very flat
parabolic shaped valley is formed in this hyperplane demonstrating that any combination of C3
and C4 which define the bottom of the valley give a nearly identical response. Finding the global
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minimum of such a valley is difficult, and often requires substantial computational resources,
while only providing minuscule improvements in the objective function. As such, the exact
global minimum was not sought after in the current study. However, as demonstrated by the high
R2 values, and low mean square error values in Table 5-1, the optimization routine derived
values for C3 and C4 that accurately described the material response of the each ASPT sample.
The strong correlation between material properties derived for the SSL in the current study with
those in the peer-reviewed literature also support this conclusion.

Figure 5-4 Design Space

This same methodology could be applied to other nonlinear, anisotropic materials.
Depending on the material being tested, a different constitutive model may be required.
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However, if each material parameter of the given constitutive model affects the forcedisplacement response of the ASPT in a unique manner, then accurate anisotropic properties
could be derived as outlined above. If each material parameter does not affect the forcedisplacement response of the ASPT in a unique manner, then material parameters could be
derived by including the asymmetric deformation shape of the sample in the optimization
routine’s objective function.
The ASPT methodology is not necessarily limited to circular test sample geometries. In
fact, other geometries may provide additional benefits. For example, an elliptical geometry may
increase the sensitivity of validation procedures by inducing larger observable changes in the
deformation shape of the sample when the material properties of the sample are only slightly
modified.

5.5.2

Potential Advantages of the ASPT for Ligament Testing
The ASPT does not require freezing or drying the ends of the ligament to be clamped and

is capable of deriving anisotropic material parameters from a single, small dimensioned sample.
This enables the possibility of obtaining multiple samples from a single spinal ligament. As such,
the ASPT has the potential benefit of being able to determine inhomogenous, subject specific
properties from a single small dimensioned ligament, as opposed to traditional techniques which
require averaging data collected from several donors.

5.5.3

Limitations
Using excessive force in clamping an ASPT sample may induce damage and change its

material response. This was not observed in the exemplar spinal ligament testing, however, the
ideal clamping force has not been characterized and will likely be dependent upon the specimen
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thickness. Similarly, additional details of an ideal experimental protocol for the ASPT remain to
be determined. The FE model (and the associated system-identification routine) are subject to a
number of potential errors including numerical round off, accuracy of loading and boundary
conditions, and the calculation of numerical derivatives. These sources of error have been
anecdotally investigated and are believed to be small. Nonetheless, full experimental validation
the ASPT remains to be done by comparing parameters obtained through the ASPT to
parameters obtained using traditional tensile tests. The present work sets up the rationale for that
work by providing a framework for understanding the physics of the testing and the capabilities
of the technique under ideal testing conditions.

5.5.4

Summary
The anisotropic constitutive properties of soft tissue can be derived from a single force-

displacement curve using the ASPT. Because of the small sample sizes required, it is anticipated
that the methodology will extend the capabilities of traditional soft tissue testing techniques, by
allowing inhomogenous, subject specific characterization of spinal ligaments.
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6

6.1

THE LUMBAR SUPRASPINOUS LIGAMENT DEMONSTRATES INCREASED
MATERIAL STIFFNESS AND STRENGTH ON ITS VENTRAL ASPECT

Abstract
This chapter reports quantified anisotropic, inhomogeneous material constitutive data for

the human SSL. Multi-axial material data from 30 human cadaveric SSL samples was collected
from distinct locations (dorsal, midsection, and ventral). A structurally motivated strain-energy
based continuum model was employed to characterize anisotropic constitutive parameters for
each sample. The anisotropic constitutive response correlated well with the reported
experimental data (R2 > 0.97). Results show that in the lumbar spine both the material stiffness
and stress at failure were significantly higher in the ventral region of the SSL as compared with
the dorsal region (p < 0.05). In the along-fiber direction, a higher stiffness and higher stress at
failure were observed when compared to the transverse direction. These results indicate that
modeling spinal ligaments using the hyperelastic line elements that have typically been used may
be insufficient to capture their complex material response.

6.2

Background
It is estimated that low back pain is responsible for 149 million lost workdays per year

resulting in a $28 billion annual productivity loss [1, 11-13]. However, the etiology of back pain
is unclear and it is often assumed that back pain arises from spinal instability. The causes of
spinal instability are multifactorial and include material and geometric contributions from the
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spinal ligaments. Specifically, the mechanical response of the SSL is known to play a vital role
in spinal stability [97, 100, 181, 231]. In addition to its strong mechanical role, the sensory
function of the SSL is believed to contribute to spinal muscle coordination [15, 23, 25, 232-237]
and the presence of both nociceptive and proprioceptive nerve endings in the SSL suggest it may
be a primary source of low back pain [23, 92, 232, 238]. However, the SSL is often damaged or
resected entirely during clinical procedures designed to alleviate low back pain. Given its dual
role as both a passive mechanical restraint and an active sensory organ, the anatomy and material
response of the SSL has implications towards accurate modeling of spinal biomechanics and the
clinical treatment of low back pain.
While the material response of the SSL has yet to be fully quantified its anatomy has
been well documented. The SSL is a strong fibrous cord that connects to the apices of the
spinous processes (Figure 2-1) and extends from the seventh cervical vertebra to the sacrum
[239]. The most dorsal fibers of the SSL may extend across 3 or 4 vertebrae while it’s most
ventral fibers only extend between 2 adjacent vertebrae. It is composed of tightly packed
collagen fibers fixated by a ground substance matrix reinforced by elastin [44] and can be
described as being tendinous or fibro-cartilaginous in structure [127]. It is intimately blended
with the ISL, neighboring fascia and lumbo-dorsal muscles [126-128] which induce multi-axial
loads on the SSL during normal physiologic motion.
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Figure 6-1 The Supraspinous Ligament

Because of integrated interactions with neighboring anatomy (ISL, connective fascia, and
spinal musculature) the SSL often operates in combined tension and shear conditions and as a
consequence, the inhomogeneous material properties both along and perpendicular to the fiber
direction are crucial to understanding its physiologic response. Gillespie et al. [240]
demonstrated this principle in showing that transverse loads from the ISL significantly increase
the stiffness of the SSL. Furthermore, other investigators have demonstrated the necessity of
quantifying the inhomogeneous material properties of ligaments in order to accurately determine
their physiologic response [241-243]. However, despite these findings, no anisotropic,
inhomogeneous, material constitutive data has been reported for the SSL.
Previous work quantifying the material constitutive response of the SSL has focused on
uniaxial testing of the whole posterior ligament complex (SSL, ISL, LF, and fascia) [97-102,
181] making it difficult to isolate the material properties of the SSL itself. However, one study
was found in the literature which tested the SSL in isolation. This study conducted by Myklebust
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et al. [100] reported the uniaxial deformation and force at failure of the SSL at each spinal level.
Pintar et al. [102] estimated the uniaxial stiffness, energy to failure, stress at failure, and strain at
failure of the SSL by using force-deflection curves previously obtained by Myklebust et al. [100]
in conjunction with geometric properties obtained from independent cadaver specimens. These
studies have provided valuable insights into the material response of spinal ligaments and
provided an overarching understanding of their role in spinal biomechanics.
However, ligaments are not uniaxial structures [180]. They are often composed of
multiple bundles and regional variations in material properties exist within the tissue. Therefore,
to predict, model, and prevent ligamentous tissue damage and ultimately to determine the effect
of the SSL on spinal stability and back pain it is essential to understand the inhomogeneous
stress and strain distribution of the SSL, and the complex loading patterns prevalent at the SSL’s
ligamentous and bony insertions [244, 245]. Anisotropic, location dependent material properties
obtained from testing ligaments in isolation from the rest of the complex are requisite to
accurately model such interactions and loading conditions. In addition, nerve endings in the SSL
and ISL are preferentially located in certain areas of the ligament [135] and each of these
receptors is selectively activated by distinct spatial properties of a stimulus. As such the spatially
dependent (inhomogeneous) material properties of each element must be determined in order to
predict when such nerve endings may be excited (i.e. which spinal motions are more likely to
lead to low back pain).
To this end the present work gathered multi-axial material data and derived nonlinear,
anisotropic, location dependent material parameters for the human SSL. A previously validated,
widely used, and structurally motivated strain energy based constitutive model [44, 225, 226]
was employed to characterize ligament properties thus providing a direct means of implementing
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the results into numerical FE models capable of further investigating the role of SSL in spinal
stability and back pain. We hypothesized that the ventral region of the SSL would exhibit higher
stiffness and strength on its ventral aspect as compared to its dorsal aspect due to interactions
with the ISL which alter its local microstructural organization.

6.3

6.3.1

Methods

Test Setup
A modified small punch test otherwise known as an ASPT was used to gather multiaxial

material data from cadaveric SSL test samples [246, 247]. Like other biaxial testing methods
[248-250] the ASPT simultaneously loaded multiple material axes at once, allowing for
physiologically relevant loading conditions and efficient acquisition of anisotropic material
constitutive data. The ASPT grasped a 6 mm diameter tissue sample around its periphery. 4.4
mm of the tissue was in the testing area with approximately 1.6 mm of tissue in the clamps. A
cylindrical rod (measuring 1.8 mm in diameter) was raised displacing the center of the sample.
During testing, the anisotropic properties of the tissue induced an asymmetric deformation shape
which was recorded by two orthogonal CCD cameras (scA640-70fm, Basler Vision
Technologies, Germany) equipped with macro zoom lenses (MLH-10X, Computar, New York).
A microscope mounted above the sample was used to validate fiber direction and ensure the
sample remained adequately gripped throughout testing, such that no localized slipping occurred.
The force and displacement of the rod were simultaneously measured by a 25 lb load cell and
linear potentiometer with an accuracy of ±0.005 lbs and ± 0.01mm. All of these components
were interfaced with a custom LabVIEW (National Instruments, Texas) program which
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calibrated, sequenced, and assembled the acquired data. A schematic of the testing setup can be
seen in Figure 6-2.

Figure 6-2 ASPT Setup.
The general setup is shown at right and an exploded view of the mechanisms grips is shown at left. A ligament
sample approximately 6 mm in diameter by 0.8 mm thick is secured around its periphery by two circular clamps
with a 4.4 mm inner diameter which are held in place by four bolts. A cylindrical rod attached to a load cell and
linear potentiometer is raised displacing the center of the ligament sample. The deformation shape of the sample is
recorded by two orthogonal cameras and a superiorly mounted microscope. Linear positioning stages allow the
cameras to pan in the horizontal and vertical planes.

While simple examination of force-displacement data from a small punch test does not
reveal anisotropy, inclusion of the deformation shape of the sample and the use of an inverse
parameter estimation routine with an appropriate constitutive model do enable the determination
of anisotropic properties [247, 251-253]. The ASPT used an inverse analysis scheme similar to
that of Nakamura and Gu [252] in combination with the deformation shape of the sample and a
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constitutive model developed by Weiss et al. [225] for use in knee ligaments to determine the
anisotropic properties of the SSL.
The inverse analysis consisted of a system-identification optimization routine created in
LSOPT (Livermore Software Technology Corp. Livermore, California) which employed a
hybrid simulated annealing leap frog algorithm [229, 230, 254, 255], and a quarter symmetry FE
model of the tissue sample (see Figure 6-3). The objective of the routine was to minimize the
mean square error between measured force-displacement data, and the force-displacement
response of the FE model at each time step. The geometric deformation shape of the sample was
not included in the objective function, thus enabling it to be used as an independent validation
measure of the derived properties. Figure 6-4 displays the asymmetric deformation shape and
topological view acquired from the CCD cameras and microscope as well as the asymmetric
deformation shape of the FE model.

Figure 6-3 Quarter Symmetry FE Model.
A butterfly mesh consisting of 4 stacks, 20 segments, and 12 radial divisions was used resulting in 1155 nodes and
816 fully integrated hexahedral elements. The model was stress converged by doubling the number of the elements
and observing less than a 1% change in the force-displacement response of the model.
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Figure 6-4 Camera Views Obtained During Experimental Testing.
The deformation shape of the sample is shown both parallel to the fiber direction (left) and perpendicular to the fiber
direction (center). The profiles of the sample as seen from these two orthogonal directions are dissimilar due to
tissue anisotropy. The top down view obtained from the microscope is shown at right. The experimental profiles of
the sample are highlighted in green. The bottom row displays a wireframe of the FE model overlaid on the
experimental profiles demonstrating goodness of fit.

Prior to experimental testing, an appropriate convergence criterion for the inverse
analysis routine was established through a series of numerical verification studies. 20
independent FE analyses (Figure 6-3) were performed using four separate specimen thicknesses
(0.25, 0.5, 0.75, and 1.0 mm), each with five random sets of input material constitutive
parameters. Using only the force-displacement response from the FE analysis, and the specimen
thickness, the optimization routine was able to identify the original input parameters before
reaching the termination criterion of less than a 2% change in the objective function between
consecutive iterations. Based on this analysis, the convergence criteria used during experimental
testing was set to be less than a 2% change in the objective function between iterations.
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6.3.2

Constitutive Model
A full-description of the constitutive model and its use to describe the material behavior

of other ligaments has been extensively reported in the literature (e.g., [225, 226]). A brief
description is also provided in section 5.3.2. for the benefit of the reader. While the constitutive
model can be extended to include multiphasic and rate dependent properties [225] such effects
were not investigated in the current work.

6.3.3

Experimental Testing
Freshly frozen human cadaveric spinal segments were acquired following an IRB

approved acquisition and testing protocol. Subcutaneous fascia, muscle, and adipose tissue were
removed to reveal the SSL. A scalpel was used to separate the SSL from its bony insertion sites
as well as attached fascia and the ISL. After dissection, each ligament was wrapped in saline
soaked gauze and stored in a -25° C freezer. Hydration of the samples was maintained during
dissection and testing by spritzing with an isotonic saline solution.
Prior to testing, SSL specimens were removed from the freezer and sectioned along their
length (coronal plane) using a microtome blade, resulting in 1 - 3 test samples (0.8 mm thick by
6 mm in length and width) per ligament. The location of each sample was noted as coming from
the dorsal, middle or ventral third of the ligament (Figure 6-1). If the ligament was too thin to be
separated into thirds the most ventral 0.8 mm and most dorsal 0.8 mm were harvested and the
remaining midsection was discarded. Likewise, if the ligament was too thin to be separated into
halves the most dorsal and ventral regions were discarded and middle 0.8 mm of the ligament
was designated for testing.
The thickness of each sample was determined using calibrated digital photographs
obtained from the ASPT’s cameras. The fiber direction of the sample was aligned with one of the
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two orthogonal cameras and the test sample was clamped in the device. To minimize viscoelastic
effects and maximize consistency of response each test sample was preconditioned by displacing
the rod 0.2 mm a total of 10 times. After preconditioning, the rod was raised at a rate of 2 mm
per second and the sample was tested to failure. Failure was defined as the point at which a
further increase in displacement produced decreased load, [100, 102]. The onset of loading for
each sample was determined based on the first increase in force (5% difference from the baseline
load cell response). All tests took place at room temperature and hydration was maintained
during sectioning and testing by spraying the samples with an isotonic saline solution. Data
obtained during experimental testing was input to the aforementioned optimization routine and
material constitutive parameters were obtained. The thickness of the FE model used in the
optimization routine was adjusted to reflect the thickness of each test sample to the nearest 0.01
mm.

6.3.4

Statistical Analysis
We hypothesized that the ventral aspect of the SSL would exhibit a higher stiffness and

higher strength when compared to its dorsal aspect. To test these two hypothesis results were
first separated according to spinal region (lumbar and thoracic) thus enabling us to test for
significance in each region independently. Subsequently a one tailed paired t test without
Bonferroni correction was employed to test if the longitudinal stress at failure (strength) and
longitudinal stiffness (C5) was higher in the ventral aspect of each ligament tested than in its
dorsal aspect. Only those ligaments from which we were able to test both a dorsal sample and a
ventral sample were included in these analyses. To test for differences between spinal regions
multiple two tailed t test with Bonferroni correction were employed. For all analyses P values
less than 0.05 were considered significant.
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6.4

Results
A total of 30 test samples (11 thoracic, 19 lumbar) were excised from seven cadaver

spines (average age = 70 ± 21) and tested to failure. All test samples appeared healthy upon
dissection, and the forces produced at failure were within the recommended usage range of the
load cell. In addition, no localized slipping was observed at the mechanisms grips by either the
microscope or orthogonal cameras. In every case failure was observed to occur near the edge of
the cylindrical rod as predicted by the FE model. Initial failure of the ligament was characterized
by sequential rupturing of collagen fiber bundles. After initial failure of the collagen bundles
shear failure or tearing between collagen fibers in combination with transverse failure of the
matrix was observed.
The ability of the constitutive model to represent the material response of each SSL test
sample was estimated by comparing the experimental force-displacement response to the forcedisplacement response of the optimized FE model and calculating the R2 value. Table 6-1 and
Table 6-2 display the R2 values and derived material parameters for each test sample. Figure 6-5
shows a typical X-Y graph of the experimental force-displacement data of a particular test
sample and the corresponding force-displacement curve generated from the derived material
parameters. Figure 6-4 displays the experimental deformation shape of a particular test sample
and the corresponding deformation shape of the optimized FE model.
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Table 6-1 Nonlinear, Anisotropic Material Parameters for the Lumbar Supraspinous Ligament

Lumbar Region (T12 – S1)
Location

C1

C3

C4

C5

λ*

R2

Dorsal

0.26

0.01

3.16

12.14

1.02

0.9935

Ventral

0.08

0.09

27.53

33.45

1.06

0.9988

Midsection

0.36

1.77

11.5

5.32

1.06

0.9974

Dorsal

0.25

0.25

10.78

17.42

1.07

0.9957

Ventral

0.08

0.7

8.77

26.91

1.06

0.9991

Midsection

0.22

0.44

5.59

34.39

1.05

0.9995

Dorsal

0.17

0.14

29.37

15.39

1.07

0.9962

Midsection

0.09

0.65

17.51

15

1.06

0.994

Ventral

0.17

0.02

3.77

30

1.07

0.9857

Dorsal

0.39

1.02

3.95

16.75

1.03

0.9946

Midsection

0.06

0.11

2.12

13.08

1.07

0.9853

Ventral

0.08

0.76

9.66

25.5

1.06

0.9822

Midsection

0.09

0.23

16.77

24.25

1.06

0.9995

Dorsal

0.05

0.17

1.1

14.72

1.1

0.9872

Midsection

0.05

1.28

4.25

5

1.05

0.9851

Ventral

0.13

1.23

23.75

25.1

1.03

0.9953

Dorsal

0.11

1.68

8.41

13.18

1.06

0.966

Midsection

0.21

0.02

12.9

24.42

1.04

0.9922

Ventral

0.39

0.77

24.76

13.5

1.07

0.9924

Average ± STD

0.20

0.54

9.46

14.93

1.06

0.9889

(Dorsal Region) n=6

±0.12

±0.66

±10.38

±2.03

±0.03

±0.0117

Average ± STD

0.16

0.76

9.66

12.57

1.06

0.9908

(Midsection) n=7

±0.13

±0.75

±6.35

±8.01

±0.01

±0.0054

Average ± STD

0.15

0.60

16.37

25.74

1.06

0.9922

(Ventral Region) n=6

±0.60

±0.46

±10.1

±6.77

±0.016

±0.0070

Average ± STD

0.17

0.60

11.88

19.24

1.06

0.9916

(All Regions) n=19

±0.11

±0.57

±9.00

±8.66

±0.02

± 0.008

Specimen

Spine

Level

Sex

Age

1

A

L4L5

M

67

2

C

L2L3

F

100

3

D

L4L5

M

50

4

E

L2L3

F

47

E

T12L1

5

6

7

8

9

F

L1L2

F

F

L2L3

F

F

L4L5

F

F

T12L1

F

F

47

56

56

56

56
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Table 6-2 Nonlinear, Anisotropic Material Parameters for the Lower Thoracic Supraspinous Ligament

Thoracic Region (T8 – T12)
Specimen
1

Location

C1

C3

C4

C5

λ*

R2

Dorsal

0.06

0.05

13.37

22.86

1.11

0.9961

Midsection

0.14

0.65

19.73

5

1.04

0.9948

Ventral

0.22

0.83

15.22

10

1.07

0.9957

Dorsal

0.09

1.1

10.66

21.54

1.1

0.999

Ventral

0.1

1.17

20.84

30.1

1.04

0.994

Dorsal

0.32

0.43

1.5

9.58

1.07

0.9861

Ventral

0.1

0.09

11.35

10.94

1.04

0.9888

Dorsal

0.04

1.6

5.01

32.25

1.07

0.9988

Ventral

0.27

0.38

1.58

9.55

1.05

0.9959

Dorsal

0.18

0.67

2.5

19.09

1.06

0.9967

Ventral

0.06

0.03

14.29

15.13

1.1

0.9944

Average ± STD

0.14

0.77

6.61

21.06

1.08

0.9953

(Dorsal Region) n=5

±0.11

±0.60

±5.19

±8.13

±0.022

±.0053

Average ± STD

0.15

0.50

12.65

15.14

1.06

0.9937

(Ventral Region) n=5

±0.09

±0.49

±7.08

±8.64

±0.025

±0.0029

Average ± STD

0.14

0.64

10.55

16.91

1.07

0.9946

(All Regions) n=11

±0.09

±0.51

±7.02

±8.98

±0.03

±0.004

Spine

Level

Sex

A

T10T11

M

Age
67

2

B

T8T9

F

89

3

B

T10T11

F

89

4

B

T11T12

F

89

5

G

T11T12

F

86

Average midsection properties not reported due to insufficient sample size

In the lumbar region (T12 –S1), comparisons of samples from the same ligament
demonstrated that the ventral aspect of the SSL had significantly higher (p < 0.05) mechanical
stiffness (Figure 6-6) and stress at failure (Figure 6-7) as compared to the dorsal aspect. No
significant difference was observed in the longitudinal stiffness, strain at failure or stress at
failure between the thoracic and lumbar SSL. In addition, no location dependent differences were
found to be statistically significant for the transverse properties of the SSL.
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Figure 6-5 Experimental and Optimized Force-displacement Data

Figure 6-6 Dorsal/Ventral Comparisons of Longitudinal Stiffness in the Lumbar Supraspinous Ligament.
Paired analysis indicated a significantly higher stiffness (p<0.05) in the ventral region of the lumbar SSL as
compared with the dorsal region.
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Figure 6-7 Dorsal/Ventral Comparisons of Stress at Failure in the Lumbar Supraspinous Ligament.
Paired analysis indicated a significantly higher stress at failure (p<0.05) in the ventral region of the lumbar SSL as
compared with the dorsal region.

6.5

6.5.1

Discussion

Discussion of Results
To our knowledge the present work is the first to provide transversely isotropic material

properties for the human SSL. As expected, the results show that the material properties of the
SSL along the collagen fiber direction were much greater than the properties transverse to the
collagen fiber direction. The relationship between the stress in the collagen fibers and the stress
in the matrix is nonlinearly dependent on the tissue strain, but can be derived from the
constitutive model. In particular, analysis of the derived constitutive parameters demonstrate that
at low values of stretch (i.e. toe region of stress strain response, λ < λ*) the amount of force
generated in the fibers is approximately 5 times greater than the amount of force generated in the
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matrix. At high values of stretch (i.e. linear region of stress strain response, λ > λ*) the amount of
force generated in the fibers is 25 – 30 times greater than that off the matrix.
We hypothesize that the increased longitudinal stiffness and strength observed in the
ventral region of the lumbar SSL is due to the insertion of the ISL into its ventral aspect. At this
location the ISL induces a strong shear component of the SSL loading that likely influences its
microstructural development. However, in the thoracic region this shear component is
significantly less due to the altered structure and function of the ISL in the thoracic region in
combination with the limited range of motion observed in the thoracic spine. In general, the
lumbar ISL is more strongly developed, exhibiting higher material stiffness and strength as
compared to the thoracic ISL [100]. Fibers of the lumbar ISL run dorsocranially through the
interspinous space, some of which terminate in the substance of SLL [126]. However, in the
thoracic spine ISL fibers tend to run vertically connecting adjacent spinous processes and do not
terminate in the substance of the SSL [256]. Additionally, Gillespie and Dickey [240] found that
interactions between the ISL and SSL significantly contribute to flexion resistance of the lumbar
spine. However, no such interaction has been identified in the thoracic region. In light of these
findings we conclude that the increase in material stiffness and strength of the ventral aspect of
the lumbar SSL is likely due to strong interactions with the ISL that are not present in the
thoracic region, and that these interactions influence the SSL’s microstructural development.
It should be noted that a Bonferroni correction was not used in testing for differences in
material properties based on through thickness location as we believed it to be overly
conservative for testing our priori hypotheses. Others have noted these drawbacks, including an
increased probability of committing a type II error [257, 258]. Given the data obtained in the
current study (Figure 6-6 and Figure 6-7) and the previously mentioned supporting evidence for
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these hypotheses we feel confident that both the stiffness and strength are higher in ventral
aspect of the SSL in the lumbar region. If a Bonferroni adjustment were to be used the stiffness
would still be significantly higher in the ventral region but the stress at failure would have a pvalue of 0.045 and therefore not be considered significant.

6.5.2

Implementation of Results into FE Models
An advantage of using a previously validated and widely used ligament material model to

characterize the SSL in the present study is that it has previously been implemented into several
widely available, nonlinear FE software packages (e.g. LS-DYNA, ABAQUS, FEBio). Thus the
implementation of results from the present work into numerical models of the spine as either
anisotropic shell or volumetric elements may be accomplished in a straightforward manner.
Other constitutive formulations which include fiber-matrix interaction terms (e.g. [259]) may
admittedly give a better representation of off axis loadings. However, these models were not
implemented into the FE codes available to the authors. We look forward to using other
constitutive formulations in the future and we view the current study as a first step in that
direction. In particular, we are very interested in using the ASPT technique to characterize other
anisotropic soft tissues (heart, lung, muscle, annulus fibrosis etc.). In addition, we are currently
investigating a closed form solution to the ASPT using anisotropic shell theory that would allow
us greater flexibility in the choice of an appropriate constitutive model.
The authors also recognize that the implementation of volumetric elements into large
scale spinal models can be challenging (e.g. spinal ligaments often have thin cross-sections
resulting in solid elements with high aspect ratios and that can deliver inaccurate results). As a
result hyperelastic line elements have traditionally been used to represent spinal ligaments [260266]. While these elements are capable of mimicking the predominately uniaxial response of
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ligaments and can even represent inhomogeneous material properties (using multiple line
elements for each ligament) they are unable to portray anisotropy and the complex loading
patterns and interactions prevalent at the SSL’s bony and ligamentous insertion sites [267].
These interactions not only alter local stress and strain patterns in the SSL but significantly affect
overall spinal biomechanics in the lumbar region. For example, Gillespie and Dickey [240]
found that in the porcine lumbar spine interactions between the ISL and SSL resist 10.5% of the
peak flexion moment, and that the SSL-ISL complex is the largest contributor to flexion
resistance, exceeding that of the IVD, facets and other ligamentous structures. Due to similarities
in structure [181, 268], mechanics [269-271], and collagen fiber orientation [272] these findings
are assumed to be applicable to the human spine as well.
In light of these findings, it is recommended that in future spinal models the SSL and ISL
be modeled with element types that can accurately predict the effect of such interactions.
Tension-only “fabric” shell elements in particular can greatly simplify the challenges associated
with volumetric elements and are still capable of representing anisotropy, inhomogeneity, and
complex loading states, while remaining computationally efficient. Our lab has implemented
such elements into spinal FE models and found no appreciable difference in model robustness or
solver time as compared to using multiple line elements.

6.5.3

Comparison of Results with Previously Published Work
The longitudinal material properties derived in the current study agreed well with the

material properties reported by Pintar et al. [102] for the SSL. Table 6-3 displays the results of
these comparisons. Stiffness (MPa) values were obtained from the force-displacement curves
reported by Pintar et al. utilizing average geometry values (length, cross-sectional area) reported
by the authors. The stress and strain at failure were calculated based on deformation shape and
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the constitutive formulation, rather than directly from the FE element model to avoid numerical
issues associated with slipping at the edge of the cylindrical rod. In particular, the longitudinal
strain at failure was calculated by comparing the experimental deformation shape of the ASPT
sample (in the along-fiber direction) at failure with the samples original dimensions. The
longitudinal stress at failure was calculated from the strain at failure using the constitutive
formulation. Transverse material properties for the SSL have not previously been reported, thus
were unavailable for comparison. However, other authors reporting on transverse properties of
the MCL found a ratio of transverse to longitudinal stiffness consistent with our reported results
[226].

Table 6-3 Comparison of Longitudinal Material Parameters with Previously Published Work

Level
L4-L5
L2-L3
L1-L2
T12-L1
Thoracic
Region
(avg)

Longitudinal Strain at
Failure (%)
ASPT
Pintar 1992
119.0 ± 66.4 106.3 ± 9.7
81.1 ± 56.1
70.6 ± 45.0
88.8 ± 23.8
83.4 ± 21.4
57.9 ± 10.5
75.0 ± 7.1
82.8 ± 26.9

NR

Longitudinal Stress at
Failure (MPa)
ASPT
Pintar 1992
15.4 ± 14.7
12.7 ± 7.1
11.1 ± 8.5
9.9 ± 5.8
9.1 ± 4.1
15.5 ± 5.1
6.6 ± 2.0
8.9 ± 3.2
8.3 ± 5.9

NR

Values are presented as mean ± standard deviation

6.5.4

Longitudinal Stiffness / C5
(MPa)
ASPT
Pintar 1992
19.2 ± 10.1
18.0 ± 6.9
21.3 ± 7.2
24.8 ±14.5
18.4 ± 8.8
23.0 ± 17.3
18.6 ± 7.6
15.1 ± 6.9
16.9 ± 9.0

NR

NR = Not Reported

Limitations
The ASPT methodology presents a number of advantages including the ability to

determine anisotropic properties from such a small sample, thus enabling the characterization of
inhomogeneous material properties from individual spinal ligaments, as opposed to average
properties of ligament complexes. However, a few limitations should be noted. The number of
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data points collected during experimental testing was limited by computer hardware (i.e. data
transfer rates). The current work required that 3 images be acquired in addition to the forcedisplacement response at each time step. As such fewer points were sampled than would
traditionally be sampled in a standard tensile test that does not require continuous acquisition of
multiple images. To mitigate this effect the sampling rate was allowed to vary based demand
placed on the cpu. We are currently implementing changes to the experimental setup to allow
faster acquisition and uniform sampling of data. A potential limitation to the present work is that
sectioning the SSL into samples could alter its overall response by disrupting interfiber and
transfiber bonds. However, it is impossible to load the SSL uniformly (due to insertion site
properties and bony attachments), or to investigate inhomogeneities when testing the ligament as
a whole. In addition, results showed that the ligament properties varied dorsal to ventral and as
such it may be assumed that the properties of each ASPT sample varied throughout its thickness
as well. However, each ASPT was assumed to be homogenous in the inverse analysis routine and
as such some error may have been artificially introduced. The magnitude of this error as well as
the effects of sectioning are believed to be small as the longitudinal material properties derived
in the present study coincide with experimental data derived by Pintar et al. [102], in which the
SSL was tested uniaxially as a whole.
Ligament response has been shown to be dependent on temperature and strain rate [273]
and while the material model used in the current study is capable of representing both pre-strain
and viscoelastic effects, these parameters were not characterized in the present study and remain
topics for future work. As such, care should be taken in extrapolating results from to the current
study to describe the response of the SSL at rates and temperatures which differ from those of
this study. In addition, the SSL may act in synergy with other posterior tissues such as the ISL
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and thoracolumbar fascia. As these tissues are intimately blended such a possibility is worth
noting and could greatly increase the restraining force of the SSL [274]. However, as explained
previously (section 6.2) it is essential to quantify the anisotropic properties of each ligament in
isolation in order to investigate the multifaceted stress and strain patterns within the posterior
ligament complex, and to understand the interactions between these ligaments.
Furthermore ligament material properties are known to vary substantially from one
individual to the next. However, due to current limitations the standard in the field is to apply
average ligament properties to spinal FE models. A valid concern that has been raised is that
those average properties do not correlate well with any single individual and as such the
predictions made by such FE models may be inaccurate [275]. We look forward to a day in
which these limitations have been overcome, thus enabling the creation of highly specific FE
models incorporating specimen specific morphology, and material properties as these parameters
are known to significantly affect predictions of spinal FE models [275, 276]. We view the ASPT
methodology as a step in that direction as it could theoretically derive anisotropic,
inhomogeneous, material properties for every spinal ligament of a given cadaver specimen. We
anticipate that analytical models leveraging these properties in combination with higher order
element types could be used to accurately predict failure, injury, healing and neural excitation of
the spinal ligaments, thus enabling researchers to elucidate there role in spinal stability and back
pain, and to better design tissue engineered constructs.
Although the present work primarily provides “basic science” data, there is a clinical
motivation to the work. Many procedures for alleviating back pain (micro discectomy,
interlaminar spacers, posterior interbody fusion, and endoscopic interlaminar discectomy)
damage or completely resect the SSL [167, 169, 170, 239, 277] and others injure adjacent soft
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tissue structures (intervertebral discs, other spinal ligaments, the FC), thereby changing the
mechanical loading and stretch imposed on the SSL. To understand the effects of iatrogenic
tissue damage it is necessary to first derive constitutive properties for the affected tissues. With
adequate multiaxial material constitutive data, clinicians and biomechanists can develop a clearer
understanding of the role of the SSL in spinal stability and back pain, the effects of SSL
integration with surrounding tissues, and results of iatrogenic tissue damage.
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7

7.1

ADDITIONAL INSIGHTS

Specimen Specific FE Models
Biomechanical FE models do not typically correlate well with any single individuals’

spine. Rather, models are often created by obtaining data from numerous sources and averaged
across large populations. For example the current gold standard in the field of spinal FE
modeling is to obtain bony geometry of the model from a CT scan (Source A). Geometric IVD
properties, including thickness of the AF and NP are then estimated from values published in the
literature (average of sources B, C, and D), while the material properties for the NP and AF are
obtained from yet other literature sources (sources E, F and G). Ligament geometries and
material properties are then either varied until reasonable spinal motion is achieved or in some
cases obtained from the peer-reviewed literature (sources H, I and J). Loading conditions for the
spine are frequently obtained from yet another source (source K). As such the final model is a
collage of very specific attributes obtained from very different individuals. A valid question that
has then been raised is how one should interpret the predictions of such models, as they do not
correlate to any single individual. At this point the author wishes to stress that such models have
provided many valuable insights into spinal mechanics and are an indispensable tool in
evaluating orthopedic implants. However, due to limitations associated with experimental testing
techniques, these models are uncorrelated, and impossible to truly validate as they have no
physical analogue. As such, their predictions must be interpreted with great care.
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The ligament pre-strain and ASPT methodologies presented in the current work represent
a significant improvement with regards to the creation of subject specific FE models. Using these
methods researchers can characterize the inhomogeneous, anisotropic response of every spinal
ligament of given spinal column. This has never been done before and as such a truly specimen
specific FE model of the spine has yet to be created. The importance of such a model to the
spinal community is paramount, as it could clearly delineate the effects of obtaining data from
numerous sources averaged across large populations. It is very possible that the effects of using
such data are minimal. However, until a correlated, subject specific model has been created this
important question will remain unanswered.

7.2

In Vivo Characterization of Ligamentous Microstructure using DTI
Recently developed diffusion tensor imaging (DTI) has provided a way in which to

characterize the microstructure of many biological fibrous materials in vivo and has been used in
tracking muscle fibers, nerves, and collagen fibers in the AF. Being able to successfully track
ligament fibers with the aid of DTI would provide much insight into ligament mechanical
properties, as well as the effects of age, injury and repair. However, the peer-reviewed literature
makes no mention of using DTI in such a manner even though it has produced promising results
in the AF of the IVD [278].
One potential obstacle in obtaining clear DTI data of spinal ligaments is their relatively
small size and proximity to bone. In addition, ligaments inherently possess very short echo times,
thus complicating the acquisition of DTI data..
DTI operates on the principle that water diffusion is anisotropic in organized tissues (i.e.
water diffuses more rapidly along fibers than it is does perpendicular to fibers). In DTI, a linearly
pulsed field gradient is applied instead of a homogeneous magnetic field as in normal MRI. As
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proton precession is proportional to the strength of the magnetic field this results in dispersion of
proton phase and signal loss. However, another gradient is then applied in the same direction but
opposite in magnitude, thus refocusing or rephrasing the protons. However, the refocusing will
not be perfect if the proton has moved during the time between pulses. The corresponding signal
reduction due to proton movement can be related to the amount of diffusion through the
following equation,

𝑺

𝑺𝟎

= 𝒆−𝜸

𝟐 𝑮𝟐 𝜹𝟐

𝜹
𝟑

�∆− �𝑫

= 𝒆−𝒃𝑫

(7-1)

where So is the signal intensity of the homogenous magnetic field, S is the signal intensity with
the gradient field applied, γ is the gyro-magnetic ratio, G is strength of the gradient pulse, δ is the
duration of the pulse, ∆ is the time between the two pulses and D is the diffusion constant. The
equation can be rearranged to isolate D, the diffusion constant. By applying pulsed field
gradients in numerous directions and a diffusion tensor can be formed for each image voxel. This
tensor is a symmetric definite 3x3 matrix as shown below.

𝑫𝒙𝒙
𝑫 = 𝑫𝒚𝒙
𝑫𝒛𝒙

𝑫𝒙𝒚
𝑫𝒚𝒚
𝑫𝒛𝒚

𝑫𝒙𝒛
𝑫𝒚𝒛
𝑫𝒛𝒛

(7-2)
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7.2.1

Fiber Tracking
Once the diffusion tensor is obtained, a 3D vector field representing the fiber orientation

at each voxel can be generated by assuming the largest Eigen Vector of the diffusion tensor
aligns with the predominant fiber direction [279-283]. The natural extension of such vector fields
is the 3D reconstruction of fibers tracts.
The most basic and intuitive of all fiber tracking techniques is to propagate a line by
simply following the local vector orientation at each pixel. However, if a line is propagated by
simply connecting pixels, the vector information contained at each pixel may be lost (see Figure
7-1A). Figure 7-1B shows the result of propagating a line according to vector orientation without
connecting discrete pixels. This approach is called FACT (fiber assignment by continuous
tracking) and was the method used for the first successful fiber tract reconstructions [284, 285].
The FACT approach can be modified to create a smooth curved path using a simple interpolation
approach as shown in Figure 7-1C. This approach is beneficial when tracking fibers with large
degrees of curvature. However, if the resolution is high, the non-interpolation technique offers
faster calculation times with sufficiently accurate results.

Figure 7-1 Line Propagation
(A) Arrows indicate fiber direction at each pixel. If it is assumed that the vector is pointing to 700 and 2500 then
shaded pixels are connected. (B) A line instead of a series of pixels is propagated. (C) An example of the
interpolation approach to nonlinear line propagation. The large arrows represent the largest principal axis in each
pixel with the nonlinear propagated line representing fiber direction.

107

Logically, line propagation must end when it reaches the boundary of the ligament. One
simple termination criteria that correlates with the ligament boundary is the extent of anisotropy.
A threshold for tracking termination at a fixed value of anisotropy (that correlates with the
anisotropy of the ligament) can be set, causing the line to terminate at the ligament boundary.
Another termination criterion is to terminate line propagation when the line changes by a value
greater than that of a specified angle. Such a termination criterion would be useful when the
general anatomy and architecture of the ligament is known. Other more complex and robust
techniques for fiber tract reconstruction and termination have been developed, and are being
continually modified and adapted to more accurately track fibers in various materials [286, 287].

7.2.2

Ligament Microstructure Characterization
The number of fibers in a ligament, its water content, and fractional anisotropy (FA) are

all thought to contribute to ligament mechanical properties. In DTI the number of fibers in a
material can be obtained fairly easily by taking a cross section of the three-dimensional fiber
tract image and manually counting the number of fibers. The mean diffusivity (MD) of water can
be measured using DTI and is directly correlated to the relative water content of the ligament.
FA is a normalized measure of diffusion anisotropy that provides information about the degree of
fiber organization and integrity. Ligaments with highly organized fibers oriented in the same
direction reflect a higher FA. The MD and FA can be calculated from the equations below,
where λ1 λ2 λ3 represent the first second and third Eigen Values of the diffusion tensor.
𝑫𝒙𝒙 +𝑫𝒚𝒚 +𝑫𝒛𝒛

(7-3)
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FA takes on values between 0 (perfectly isotropic diffusion) and 1 (theoretical case of an infinite
cylinder).

7.2.3

Experimentation
To verify the feasibility of obtaining DTI data of spinal ligaments the author imaged three

cadaveric human lumbar spines using MRI. A GE Signa machine with a three tesla magnet and
spinal coil was employed. In an effort to obtain a clear image of the SSL ligament T2 weighted
images were obtained. These images did not produce a sufficient amount of contrast between the
ligaments and surrounding tissue. Ultra-short echo time imaging could produce higher contrast
but was not supported on the GE machine. However, the echo time was set to a minimum and
dual spin echoing was turned off. Dual spin echoing uses two 180-degree pulses instead of one
and employs two pairs of bipolar gradients which in essence refocuses the protons twice.
Turning off the dual spin echoing lowered the echo time, thereby providing more contrast in the
T2 weighted images. After changing these parameters, and few other MRI parameters a
respectable image was formed. The location of the SSL was determined and DTI was conducted.
After multiple days of testing, experimentation and consultation with assisting MRI technicians
and radiologist it was concluded that none of the clinically available DTI algorithms were able to
produce accurate DTI data for the SSL. A research MRI scanner was then employed and various
DTI algorithms were implemented. Once again after consultation with assisting MRI technicians,
DTI academians and researchers it was concluded that none of the available DTI research
algorithms were capable of capturing DTI data of the SSL ligament.
The failure of the DTI algorithms and MRI scanners to obtain DTI data for the SSL was
due to the very short echo times exhibited by ligamentous tissue. In other words the hydrogen
protons in ligament tissue return to an equilibrium state very quickly after a strong magnetic field
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has been applied. The scanner is unable to collect a sufficient amount of data within that short
time to form a diffusion weighted imaged of the ligament. However, it is very likely that in the
near future DTI technology will have improved sufficiently to allow a non Cartesian DTI
methodology to produce accurate ligament microstructure data.

7.2.4

Conclusion
A method is needed to noninvasively obtain spinal ligament properties in vivo. To assess

the ability DTI to determine spinal ligament microstructure, 3 cadaver specimens were imaged
using various DTI techniques and procedures. After conducting multiple tests with the aid of
MRI and DTI technicians, researchers, academians, and radiologists, the author was unable
obtain a positive DTI image of the SSL ligament. However, it is important to note that as DTI
technology improves it will likely provide a viable manner in which to obtain ligament
microstructures in vivo.
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8

8.1

SUMMARY AND FUTURE WORK

Summary
All of the major spinal ligaments are innervated. They cause painful sensations when

irritated and provide reflexive control of the deep spinal musculature. As such, they are a
potential source of chronic LBP. However, more studies specifically addressing the relationship
between sensory element location and mechanical action are required to clearly delineate the role
of spinal ligaments with regards to spinal stability and low back pain. Unfortunately, limitations
associated with experimental soft tissue testing techniques have prevented the realization of such
studies in the past. Therefore, the focus of this dissertation was to overcome the limitations of
previous techniques. Specifically, methods were presented which enable the inhomogeneous,
anisotropic characterization of spinal ligament pre-strain and material constitutive properties.
These methodologies have created a more complete understanding of spinal ligament mechanical
properties and it is anticipated that they will continue to elucidate the role various ligaments in
the future. The present work quantified the anisotropic, inhomogeneous properties of the human
SSL and the multi-axial pre-strain distributions in the ALL, ISL and SSL. Characterization of
other spinal ligaments remains the topic of future research. It is anticipated that these
experimental techniques will enable creation of the first, truly subject specific spinal FE models.
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8.2

Future Work
The field of spinal biomechanics is continually evolving and our knowledge of LBP

mechanisms and treatment options grows larger each day. However, there exist an almost
innumerable number of questions that have yet to be answered. This dissertation has answered a
few of those questions and presented testing methodologies which allow the continuation of this
work in the future. In particular, the inhomogeneous, anisotropic characterization of the ALL,
PLL and LF are already underway in the BYU Applied Biomechanics Laboratory. It is also
anticipated that the methods presented herein will be used to characterize the ligamentous
structures of an entire spine, thereby providing the first truly subject specific data set with
regards to spinal ligament material properties.
Methodologies have been presented in the peer reviewed literature which enable
estimation of bone, and IVD mechanical properties from medical imaging data. However, a
method for obtaining spinal ligament properties from medical imaging data has yet to be
presented. Once that feat has been accomplished it will possible to generate subject specific FE
models based solely on medical imaging data. Surgeons could use such models to predict
treatment outcomes of individual patients, thus enabling them to make more informed decisions
with regards to the proper medical treatment of their patients.
The possibility of using the ASPT to test other anisotropic media was briefly mentioned
previously. As the ASPT does not require camera data, it represents a very cost effective and
efficient method in which to acquire anisotropic properties. Numerous fields could benefit from
the advantages this methodology provides. Not only could the ASPT be used in characterizing
other biological tissues (e.g. skin, muscle, AF, fascia) but in determining anisotropic properties
of many engineering composites as well.
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The current ASPT uses circular test sample geometries. Investigations of other test
sample geometries have already begun. In particular, a testing apparatus for measuring properties
from a quarter circular test sample geometry has been created and is in the process of being
validated. It is anticipated that this geometry will simplify the FE model used in the systemidentification optimization routine, thereby greatly reducing computation time. Preliminary
results also suggest this geometry provides higher sensitivity in validation procedures which
analyze the deformation shape of the test sample. In particular, it appears that the deformation
shape is more sensitive to small changes in material properties, and that the acquisition of the
deformation shape using CCD cameras is simplified.
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